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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Abstract
Songb量rds，　includ油g　Bengalese　且nches，　often　use　acoustic　signals　㎞　social
communicati。n．　One　type　ofsignal　is　called“s。ng”and　is　a　learned　vocalization．　Most
studies　ofbirdsong　have　attended　to　vocalization　and　its　perception．　However，　because
most　birds　have　well－developed　visual　systems，　studies　of　acoustic　communication　in
songb辻ds　can　include　visual　stimuli．　This　dissertation　is　based　on　five
behavioral－neuroscientific　studies　from　such　a　viewpoint．　In　the　first　chapter，　I　examine
sex　differences　in　an　audiovisual　discrimination　task　and　the　impoltance　of
correspondence　between、　visual　attention　and　sound　source　in　an　auditory　discrimination
task．　In　the　s　econd　chapter，1　show　that　songs　have　a　kind　ofhierarchical　structure　in　the
production　ofsound　sequences　using　visua正sthエ1uli．　In　the　th辻d　chapter，　I　discuss　visual
血put　to　the　song　control　nervous　system　based　on　electrophysiological　experiments．
　　　　　　　These　s加dies　provide　new血sights　about　acoustic　communication　in　songbirds．
More。ver，1　note　some　similarities　between　the　acoustic　communication。f　Bengalese
fmches　and　that　of　humans．　This　dissertation　contributes　to　fUrthering　understanding　of
universal　acoustic　communication皿varlous　systems・
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Generai　lntroduction
General　Introductio皿
Many　animal　species，　fr。m　flies　to　elepha皿ts，　communicate　with　each　other　using
vocalizations　or　vibrations（Tauber＆Eber12003；Poole　et　al．2005）．　Although　the
velocity　of　acoustic　signals　is　slower　than　that　of　visual　signals，　these　kinds　of
c。mmunications　are　available　anywhere　if　the　vehicle　exists，　even　when　visual　signals
cannot　be　used．　More。ver，　acoustic　communication　is　available血one－to－many
situations．　Humans　have　a　weIl－developed　visual　system，　but　we　communicate　with
each　other　us血g　acoustic　signals　even　in　situations　in　which　visual　i皿｛brmation　is
available．
Songbirds
Animals　that　use　acoustic　communication　can　be　categorized　into　two　groups．　The血st
group　uses　only　tmate　vocalizatio皿s　and　the　second　group　can　use　leaエned　vocalizations・
Songbird　species　are　remarkable　examples　of　the　second　group．　In　Japan，　Hill　Mynas
（Gi・acula　i・eligiosのare　good㎞itators　of　hLuman　voices．　In　Europe　and　America，
mockingbirds（ルtiinus　polyglottos）are　renowned　for　their　mimicry　of　various　sounds．
As　these　examples　show，　many　songbird．s　are　good　vocaI　learners．　In　many　songb甘d
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，species・juvenile　bi「ds　learn　vocalizations　f「om　tutors（in　many　cases・the　tutors　are　their
fathers）and　use　the　leamed　v。calization　to　co㎜unicate　with　each　other（lmmelmann
1969）．Because　the　learr曲g　ability　of　songbirds　is　unique　and　rearj血g　songbirds　is
relatively　easy，　many　behavioral（e．g。　Marler　l　970）and　neuro　scientific（e．g．　Nottebohm
et　al．1976）studies　have　used　songbirds．　There」f（）re，　I　used　Bengalese　finches（Lonchui・“a
striata　var．伽醜の，　a　songbird　species，　to血vestigate　acoustic　conmunication．
Acoustic　communication　and　visual　informatio皿
In　general，　acoustic　communication　studies　attend　to　auditory　information　processing
and　vocal　pattems．　However，　in　cross－modal　or　multimodal・studies，　infbrmation
processing　ofauditory　or　vibration　signals　is　related　to　the　process血g　ofvisual　signals
（e．g．，　spiders，　Vandersal＆Hebets　2007；rats，　Komura　et　al．2005；humans，　McGurk＆
MacDonald　l　976；Bushara　et　al．2003）．　Additionaily，　visual　stimuli　have　been　used　in
studies　ofnot　only　acoustic　signal　perception　but　also　vocal　production（Cynx　1990；ten
Cate＆Ballintijn　1996；Riebel＆To　dt　l　997；Franz＆Goner　2002；Mi皿er　et　aL　2003）．
　　　　　This　dissertation　contains　five　studies　using　Bengalese　finches．　The　remarkable
feature　ofthis　dissertation　is　that　several　visual　stimuli　were　used　il　studies　of　acoustic
c。㎜unication．　These　studies　show　a　sex　difference　in　audiovisual　discrimination
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learning　and　that　a　Iack　of　correspondence　between　visual　attention　and　sound　source
location　affects　acoustic　discrimination　leaming．　I　also　demonstrate　the　hierarchical
structure　of　the　vocal　pattem　in　Bengalese　finches　and　argue　two　possible　visual
pathways　to　the　song　control　nervous　system　ofsongbirds．
　　　　　This　dissertation　provides　natural　history　knowledge　and　helpfU1　suggestions　for
cro　ss－m。　dal　or　multimodal　studies血various血ls，血clud血g　hu㎜．
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Section　1：
Sex　differe皿ce　in　the　audio－visual　discrimination皿earnin．g　by
Bengalese岱nches（Lonchura　s〃’α如vaL　dom　esticの
Abstract
Both　visual　and　auditory　infbrmation　are　important　fbr　songbir』ds，　especially　in
developmenLtal　and　sexual　contexts．　To　investigate　bimodal　cog血ition　in　songbirds，　we
conducted　audiovisual　discrimination　traming　in　Bengalese　fmches．　We　used　two　types
of　stimulus：an“artificial　stimulus，”which　is　a　combination　of　simple　figures　and
sound，　and　a“biological　stimulus，”consisting　of　video　images　of　sing士ng　males　along
with　the辻songs．　We　fbund　that　while　both　sexes　predominantly　used　visual　cues　in　the
discrimination　tasks，　males　tended　to　be　more　dependent　on　auditory　hユfbrmation　fbr　the
biological　stimu工us．　Female　responses　were　always　dependent　on　the　visual　stimulus　f｛〕r
both　stirnulus　types．　Only　males　cha皿ged　the宜discrimination　strategy　according　to
st㎞ulus　type．　Although　males　used　both　visual　and　auditory　cues　for　the　bioiogical
stimulus，　they　responded　to　the　artificial　stimulus　depending　only　on　visual血fo　rmation，
as　the　］females　did．　These　findings　suggest　a　sex　difference　jヒn　hmate　auditory
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Keywords：　Bengalese　fmch，　birdsong，
conditioning，　sex　dif正もrences．
multi－modal　discr㎞ination，　operant
Introduction
Many　avian　species　are　highly　dependent　on　visual　cues．　Because　of　this　characteristic，
pigeons　and　other　avian　species　have　been　used　as　apPropriate　subjects　f（）r　many　visuaI
discr㎞㎞ation　tasks．　Benga正ese　finches¢onchura　st’勿如var．　do〃lesticのalso　have
sufflcient　visual　capacity　　to　　be　used　　f（〕r　discrimination　　tasks　血　　operant
coIlditioning．　For　example，　W血tanabe　et　al．（1993）showed　that　this　species　could
discriminate　the　video　images　ofconspecific　individuals．　Moreover，　video　images　could
elicit　courtship　behavior丘om　male　Bengalese　finches．　Ikebuchi　and　Okannoya（1999）
and　Takahasi　et　al．（2005）reported　that　male　Bengalese行nches　sang　to　images　of
females．
　　　　　　　Auditory　stirnuIus　is　aIso　important　for　many　birds，　palticularly
songbirds．　Researchers　using　opera皿t　conditioning　techr亘ques　have　demonstrated　that
Bengalese　fmches　can　clearly　discriminate　differences　between　conspecific　distance
calls（Okanoya＆Kimura，1993）and　conspecific　songs（Ikebuchi　et　aI．，2000；01（anoya
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et　al．，2000）．
　　　　　　　Songbirds　are　known　to　be　good　vocal　learners．（For　a　review　on　song　leaming，
see　Brainard＆Dollpe，2002．）In　many　songbirds，　inc正uding　Bengalese　finches，　only　the
males　sing．　Males　develop　their　own　songs　when　young　by　liste血g　to　their　tutors’
songs．　This　auditory　experience　is　necessary　for　songbirds　to　learn　to　sing　normal　songs
（Marler，1970）．　Moreover，　in　zebra　fmches（Taeni（）pygia　gπ伽切，　which　are　closely
related　to　Bengalese　finches，　auditory　input　and　visual　information　seem　to　be　important
fbr　song　learning（Bo正huis　et　al．，1999）．　Bolhuis　et　aL　（1999）suggested　that　both
auditory　and　visual　inf（〕rmation　might　also　be　important　fbr　male　Bengalese　fin、ches．
Clayton（1988a）reported　that　visual　cues　might　be　more　importallt　thaII　vocal　cues　in
the　song　tutor　choice　ofmale　zebra　finches　and　Bengalese丘nches．　These　auditory　and
visual　sign、als　may　also　be　very　important　to　females　in　their　choice　of　mating　partners，
as　male　courtship　behavior　invo　lves　songs　and　dances．
　　　　　　　Several　behavioral　studies　have　been　conducted　on　zebra　fi皿ches　to　investigate
relationships　between　auditory　and　visual　cues，　especially　fヒom　the　biologicaI
perspective　of“female　cho　ice”in　sexual　selection．　Using　two　subspecies　ofzebra　finch，
Clayton（1990）fbund　that　both　song　and　breast－band　size　could　play　a　role　in　mate
choice．　Brazas　and　Shimizu（2002），　using　live　birds　and　their　songs　as　visual　and
6
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auditory　st㎞uli，　reported　that　visual　cues　alone　were　effective　in　initiating　choice
behavior　hl　females，　while　auditory　cues　facilitated　the　choice　based　o且visual
inf（〕rmation．　CoIlins　et　a1．（1994）showed　that　a　high　song　rate　is　more　important　than
vivid　beak　coIor　in　females’choices，　although　these　two　characteristics　are　highly
correlated．　These　results　士ndicated　that　not　only　visual　but　also　auditory　cues　are
ii皿portant　in　courtship　contexts．
　　　　　　　Zebra　finches　have　prorninent　sexual　dimorphism　in　their　visua豆characteristics．
This　is　in　contrast　to　Bengalese　fmches，　which　have　few　visible　dimorphic
characteristics．　In　a　study　llsing　combinations　of　static　images　and　contact　calls　of
conspecific　birds　as　discriminative　stimuli，　Watanabe　et　al．（1993）showed　that
Bengalese　fmches　tended　to　rely　on　visual　rather　than　on　auditory　cues，　as　Iong　as　the
visual　cue　was　salient　enough．　This　may　mean　that　visual　cues　are　more　important　than
auditory　cues　fbr　this　species　to　be　able　to　discriminate　between　individuals，　as　is　true　in
zebra　finches．　Although　the　researchers　used　contact　calls　as　an　auditory　stirnulus，　songs
can　also　investigate　the　roIe　of　auditory　cues　in　cognition　among　individual　Bengalese
fnches．　Because　Bengalese　finches　have　few．sexually　dimorphic　features　that　arq
visible，　songs　may　play　a　more　important　role　in　the　mate　choices　ofthis　species　than
they　do　fbr　zebra　finches．　This　means　that　if　songs　instead　of　contact　caIls　had　been
7
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used　for　discrimination，　females　might　use　the　signals，　even　in　expertments　with　operant
conditioning．
　　　　　　　This　research　used　an　operant　conditioning　method　to　examine　how　Bengalese
finches　recognize　audiovisual　hlfbrmation．　We　prepared　two　types　of　audiovisual
compoun、d　stimuli．　One　type，　the“artificia正stirnulus，”consisted　of　computer－made
s加ple　artificial　figures　and　sounds．　The　other　type，　te㎜ed　the“bioIogical
st㎞ulus，”was　a　combination　of　video　movies　of　singing　conspecific　birds　and　their
songs．　These　different㎞ds　of　st㎞uli　allowed　us　to　clarify　how　biological　signals
affect　the　task　ofdiscrimination．　In　addition，　we　examined　whether　there　is　a　difference
between　the　sexes　in　the　usage　of　two　different　sensory　stirnuli（visual　and
auditory）．　Moreover，　we　examined　whether　the　type　of　stimulus　leads　to　a　difference　in
sensory　dominance．　We　also　sought　to　discover　how　males　and　females　recognize
s血9血gneighbors，　and　to　understand　the　interaction　of　visual　and　auditoly血puts　in
songbird　cognition．
理【ethods　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－
Subjects
We　began　this　study　using　four　male　and　four　female　Bengalese　fnches．　However，　one
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female　btrd　was　retired　fヒom　the　experiment　during　the　training　period　because　she
failed　to　stay　on　the　observing　perch　during　the　provided　intervals．　Consequently，　we
added　two　females　to　the　su切ect　pooL　As　a　result，　complete　experiments　were
conducted　with　four　males　and　five　females，　refヒrred　to　below　as　the　nine　su切ects　ofthe
study．
　　　　　　　The　birds　were　kept　in　an　aviary　at　Chiba　University，　Japan　All　sublects　were
adults（12－50　months　old）and　weighed　between　14　and　21　g．　The　temperature　and　the
humidity　of　the　aviary　were　maintained　at　about　25°C　and　60％，　respectively，　and　the
light／dark　cycle　was　13／11　hours．　During　the　exper㎞ental　period，　su　bj　ects　were　kept
together　hl　a　steel　cage（D　25．5　x　W　3　L5　x　H　40．O　cm）and　were　fed　only　3　or　4　hours
before　the　daily　training　and　testing，　although　vitamin－enhanced　water　was　available　ad
libitum　Prior　to　this　stud｝～two　males『nd　two　females　had　participated　in　auditory
operant　experiments，　where　they　pecked　at　a　key　in　order　to　obtain　food　reinf（〕rcement．
No　other　subjects　had　experimental　experience．
Apparatus
The　experiment　chamber　was　a　mesh　cage（D　355　x　W　l　85×H26．O　cm）for　small
birds．　One　ofthe　walls　was　removed　and　a　transparent　acrylic　plate　was　attached　in　its
9
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place．　A　14．5－inch　thhl　film　transistor（TFT）1iquid　crystal　dlsplay　monitor（resolution：
1024x748　pixels），　equipped　with　two　loudspeakers（MT　145X；Akia，　Tokyo，　Japan），
was　placed　in丘ont　ofthe　acrylic　plate　ofthe　cage，　and　visual　st士muli　were　presented　on
the　monitor．　The　luminance（cd／m2）and　chromaticity（CIE　1931；Y，　x，　y）ofthe　monitor，
measured　with　a　color㎞．eter（CS－100A；Minolta，　Tbkyo，　Japan），　was　85．1（0．274，
0．327）when　displaying　white　color．　In　behavioraI　investigations，　TFT　monitors　are
better　substitutes　fbr　real　objects　than　are　CRT　monitors（Ikebuchi＆Okanoya，
1999）．There　were　two　perches　in　the　chamber，　located　at　distances　of　8　cm　and　195　cm
仕om　the　monitor　and　a　height　of　4　cm　fセom　the　mesh　floor　The　perch　nearer　to　the
monitor　was　used　fbr　response　and　the　other　perch　was　used　to　observe　the　st㎞uli．　To
detect　whether　the　bird　was　on　a　perch，　photo－sensors　（MP－L50A－DC24V；
MArSUSHITA，　Osaka，　Japan）were　attached　to　both　sides　of　the　perches．　A　feeder
（0㎞bo　Sokkoki，　Tokyo，　Japan）was　placed　at　the　right　side　ofthe　acrylic　plate，＆nd　a
fbod　cup　was　attached　between　the　response　perch　and　the　monitor．　When　the　feeder
was　used，　one　or　two　grahls　at　a　time　would　come　into　the　fbod　cup．　The　chamber　was
lit　with　a　miniature　bulb，
　　　　　　　The　experime皿t　chamber　was　placed　in　a　sound韻enuated　box（SC－2：W70．O
xD88．5　x　H　95．O　cm；M肛sic　cabin，　Tokyo，　Japan）．　Inside　the　chamber，　the　brightness
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was　l　5フ0（vertical）／11．66（horizontal）lx　when　the　light　was　on，　and　background　noise
was　measured　at　22　dB．　A　personal　computer　was　used　to　control　the　experirnent．
Stimulus
We　used　two　types　o　f　stimulus：a‘‘biolo　gical　stimulus”and　an　“artificial　stimulu　s．”
Biological　stimulus　We　used　video　movies　of　two　male　Benga正ese　fnches　as
biological　visual　stimuli．　The　birds　displayed　in　the　st㎞uli　were　unfamiliar　to　the
subjects．　These　video　moΨies　had　been　recorded　while　birds　were　singing　undirected
songs（Sossilika＆Bohner，1980）in　a　cage．　Video　movies　were　taken　by　a　digital　video
camera（VL－MRlPR．0；Shalp，　Osaka，　Japan），　and　these　records　were　captured　as“．avi”
movie　files（fヒame　rate：29．97　frames／sec，　frame　size：720×480）and　edited　using
Premiere　Pro　software（Adobe　systems，　Tokyo，　Japan）．　One　bird　had　white　feathers　and
the　other　had　brown　fbathers．　For　the　head　area　ofthe　brown　bird，　the　luminance　and　the
chromaticity　ofthese　st血uli　on　the　monitor　were　491（0．290，0．334）；fbr　the　head　area
of　the　white　bird，　the　luminance　and　chromaticity　were　15．5（0．253，0．278）．　The　songs　of
these　st㎞ulus　b廿ds　were　recorded　with　a　DAr　recorder（DTC－ZA5ES；Sony，　Tokyo，
Japan）through　a　microphone（MS957；Sony，　Tokyo，　Japan）as　bio　logical　auditory
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st㎞uli．　These　songs　were　converted　to　Windows　PCM　files（“．wav”fbrmat，　sampling
rate：22．05　kHz）using　software（Avisof㌃SASIab　Pro；Avisoft　bioacoustics，　Ber1元n，
Germany）．　These　movie且1es　and　sound五Ies　were　synthesized　to　the“．avi”format
using　Pre血er　Pro．　The　sound　plessure　level　of　the　songs　was　a（加sted　to　60－70　dB　at
the　observ元ng　Perch．
Arti1｝cial　stimulus　Simple　figures　served　as　artificial　visual　stimuli．　One　was　a　ch℃le
（220pixels　in　diameter）and　the　other　was　a　cross（210×270　pixels）．　Both㎞ages　were
drawn　with　black　lines　on　a　gray　background．　Two　types　ofauditory　st血uli　were　used
as　the　artificial　auditory　stimulus；one　was　a　3　kHz　pure　tone，　and　the　other　was　white
noise．　These　were　made　with　SASLab　Pro．　The　sound　pressure　level　was　also　a（ljusted
to　about　65　dB　at　the　observing　perch．　These　were　presented　in　the　same　way　as　the
biological　auditory　stimuli．
P1℃cedu’セ
After　they　had　adapted　to　the　feeder，　the　su切ects　were　given　fbod　when　they　moved
廿om　the　observing　perch　to　the　response　perch．　In　the　next　step，　each　subj　ect　was
trained　to　stay　on　the　observi皿9　Perch　fbr　more　than　l　s　befbre　jumping　to　the　response
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perch．　The　length　of　time　they　stayed　on　the　observing　perch　was　gradually　increased，
until　it　reached　2－3　s．
　　　　　　　Each　subj　ect　was　given　two　types　of　tasks　that　pertained　to　the　discrhnination
of　both　biological　and　artificial　stimuli．　Subjects　were　randomly　divided　into　two
groups．　One　group　started　with　the　biological　discrimination　task，　fbHowed　by　the
artificial　task；in　the　other　group，　the　order　ofthese　tasks　was　reversed．　Both　tasks　were
carried　out　with　the　same　training　procedures．　However，　because　su切ects　had　aheady
learlled　to　wait　on　the　observing　perch　in　the　first　task，　some　of　the　early　training
pro　cedures　were　omitted　in　the　second　task．
　　　　　　　The　subj　ects　were　then　trained元n　a　Go－NoGo　type　of　discrimination．　ln　these
training　sessions，　subjects　were　trained　to　stay　on　the　observing　perch　fbr　more　than　4　s．
If　the　suhject　stayed　on　the　observing　Perch　fbr　4　s，　a　visuaI　sttmuIus　apPeared　on　the
TFT　monitor　and　an　auditory　stimlllus　was　played　from　the　loudspeakers．　These
auditory　and　visual　stimuli　were　presented　simultaneously　and　lasted　for　3　s．　Two
different　combinations　of　visual　and　auditory　st㎞uli　were　used．　The　response　to　one
combination（VlA1：S＋）was　rein　f（）rced　by　a　fbod　reward（Hit）consisting　of　two　or
three　pieces　ofgrain丘om　the　feeder．　The　response　to　the　other　combination（V2A21　S－）
was　fbllowed　by　a　blackout　that　lasted　fbr　l6　s（False　Alarm；FA）．　The　stimulus
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combinations　were　balanced　among　the　subjects．　The　limited　hold　fbr　a　response　was　2
s．When　S＋was　presented，　the　subject　was　not　given　any　food　if　it　did　not　move　within
the　period（Miss）．　If　the　subject　stayed　on　the　observhlg　perch　in　response　to　S－，　the
next　trial　was　started（Correct　R（jection；CR）．　When　the　su切ect　moved　to　the　response
perch　before　the　stimulus　had　stopped　being　played，　the　visual　stimulus　disappeared　and
the　auditory　stirnulus　stopped　simu　ltane。usly；the　bird　then　had　to　return　t。　the
observing　perch　and　again　stay　there　fbr　4　s．　In　cases　of　Hits　and　FAs，　the　subj　ects
retumed　to　the。bse曲g　perch　after　the　reinforcement　o　r　the　punislment，　and　the　next
stimulus　was　started　4　s　after　that　point　of　time．　In　cases　ofMisses　and　CRs，　the　next
stimulus　was　started　4　s　after　the　offset　ofthe　previous　stimulus（Hmited　hold＋2s）．
　　　　　　　One　session　consisted　of　25　trials　of　S＋and　25　trials　of　S－．　The　two　types　of
stimuli　were　presented　randomly　If　the　su切ects　made　incorrect　responses，　correction
trials　were　repeated　until　subj　ects　made　correct　responses、　The　cr孟terion　of　acquisition
was　set　at　90％correct　performances　over　two　consecutive　sessions．　The　percentage　of
correct　responses　was　ca正culated　by　the　fbrmula（Hits＋CRs）／（Hits＋Misses＋FAs＋
CRs）・100．
　　　　　　　When　the　birds　attained　the　criterion　of　acquisition，　a　test　session　was
conducted　on　the　next　day．　In　a　test　session，　six　probe　test　trials　were　ra血domly
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interspersed　within　54　training　trials（27　each　ofS＋and　S→．　Therefore，　each　test　session
consisted　of　60　trials、　Three　types　ofprobe　stimu重us　were　used：auditory　stimulus　alone
（A1，　A2）；Ψisual　st㎞ulus　alone（Vl，　V2）；and　mixed　stimuli（VlA2；V2Al）．　Each
probe　stimu　lus　was　presented　once　per　test　session．　Neither　fbod　nor　blackouts　were
given　fbr　responses　to　probe　stimuli．　The　test　sessions　were　conducted　five　times　f（）r
each　subj　ect，　and　trainhユg　sessions　were　inserted　between　the　test　sessions　to　examine
whether　the　criteria　were　maintained．　If　the　subj　ect　s　showed　over　90％　correct
performance　in　two　trair血g　sessions　inserted　between　test　sessions，　the　next　test　session
was　conducted．　However，　if　a　subject　failed　to　show　such　performance，　retrai血g　was
conducted　until　the　bird　reached　the　criterio4　and　then　the　bird　was　tested　again．　In　this
way，　we　obtained　results　for　30　probe　test　trials（six　types　x　five　test　sessions）per
subject，　and　we　analyzed　the　number　ofGo－responses　to　the　probe　stimuli．
StatisticalAnalysis．
We　used　a　two－way　repeated－measures　analysis　of　variance（ANOVA；stimulus　type
［biological　or　artificial］xsex）to　analyze　the　number　of　trah1血g　sessions　required　to
acllieve　the　discriminative　criterion；athree－way　repeated－measures　ANOVA（probe
st㎞ulus［6　types］×st㎞ulus　type［biological　or　artificial］xsex［male　or　fヒmaleD　to
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analyze　the　Go－responses　to　the　probe　stimuli；and　a　multiple　comparison　test（Tukey’s
honestly　significant　differefice［HSD］，　confidence　intervaI：CI＝0．95）to　compare　the
means　fbr　the　levels　ofeach　factor．
　　　　　　　The　effects　of　task　order（i．e．，　which　type　o　f　task　was　performed　first）and
experiment　al　history　prior　to　the　present　study　were　also　analyzed．
Results
Traゴ伽g　se∬ions
All　but　one　subject　reached　the　disc血ninative　criterion（＞90％correct　responses　in　two
consecutive　sessions）fbr　all　tasks　within　4　to　15　training　sessions．　For　one　m、ale　bird，
the　criterion　was　lowered　to＞85％correct　responses　hl　two　consecutive　session、s．　This
bird　did　not　reach　the　criterion　until　the　thirteenth　session，　although　he　could　reach
＞85％correct　responses　in　several　sessions；we　adopted　the　lowered　criterion　fbr　this
bird　to　avoid　over　trai皿ing．　We　then　continued　the　test　with　the　bird．　The　scores
improved　after　the　first　test　sessio　n．　Therefore　we　regarded　the　performance　ofthis　bird
to　be　very　similar　to　that　of　other　subj　ects．　In　the　discrimination　leaming　of　the
biological　task，　more　training　sessions　were　required　than　fbr　the　artificial　task［F（1，14）
ニ4．862，、ρ〈．05］，however，　there　was　no　sex　difference　in　the　number　of　tra溢ing
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sessions　needed　to　reach　the　criterion［F（1，14）ニ0．正28，」Pニ．726ユand　no　i皿teraction
between　sex　and　the　stimulus　type［“biological”or‘‘artificiar　stimulus；F（1，14）＜
0．001，」p＝．987］．
　　　　　　　In　most　training　sessions　inserted　between　the　test　sessions，　the　results　showed
that　the　b辻ds　maintained　the　learning　criteria（＞90％correct　in　two　sessions）．　In　a　few
cases，　the　scores　were＜90％（twice　in　a　male　in　the　artificial　task，　once　in　a　female　in
the　bio　lo　gical　task）；these　birds　were　rrained　until　they　achieved　scores　of＞90％in　two
consecutive　sessions．　Three　retraining　sessions　fbr　the　male　and　five　retraining　sessions
fc）r　the　female　were　required　to　reach　the　criterion；we　then　continued　the　tests　with
these　birds．
Test　sessions
Because　V2A2　was　associated　with　punishment　in　the　training　sessions，　Go－responses
to　V2　and　A2　were　rare　in　both　males　and　females　fbr　both　the　biologica1（V2，　males：
0％，females：4％；A2，　males：0％，　females：0％）and　artificial　tasks（V2，　males：5％，
females：4％；A2，　males：0％，　females：0％），　as　expected．　If　the　probe　stimulus　included
V1，Go－responses　were　elicited　by　the　artificial　stimulus　in　almost　all　tests　in　both　males
（VlA2：100％，　Vl：95％）and　females（VlA2：100％，　V1：100％），　whereas　fbr　the
17
　　　　　　　　　　　　　　　　　　　　　C加μe〃’　Sectio’11
Aしの10VISしJAL　DISCRIMiNA工TON、LEARNING
biological　stimulus，　there　were　fewer　Go－responses　by　males（VlA2：85％，　Vl：60％），
and　the　females’responses　were　similar　to　those　f（）r　the　artificiai　st㎞ulus（VlA2：
100％，V1：92％）．　hユcontrast，　if　the　probe　stimulus　incIuded　A1，　males　showed　more
Go－responses　to　the　biological　st血ulus（V2A1：45％，　A1：25％）than　to　the　artificial　one
（V2A1：15％，　A1：10％），　although　there　was　no　apparent　difference　in　females’
responses　between　the　two　stimulus　types（bio：V2A1：0％，　A1：8％；art：V2A　1：0％，　A1：
0％）．The　following　paragraphs　present　the　results　ofstatistical　tests　o　f　these　data．
　　　　　　　The　statistical　tests　revealed　no　effect　」f（〕r　the　factors　“stimulus　type”
［‘‘bio　lo　gicar’and‘‘artificial”stimulus；F（1，84）＝O．09，」P＝．76］and　c‘sex”［F（1，84）＝
1．19，pニ．28］．　This　shows　that　the　activation　levels　or　the　response　strengths　of　the
subj　ects　did　not　change　in　these　factors．　As　expected，　the　difference　among　the　six　types
of“probe　stimulus”was　significant［F（5，84）＝223．65，　p＜．OO　1］．　The　multiple
comparison　test　revealed　significantly　more　Go－respollses　to　VlA2　and　V1（these
incIuded　V1）than　to　V2Al，　A1，　V2，　and　A2（pく．OO1）．　There　were　also　more
Go－responses　to　V2Al　than　to　A2（♪く．05；See　TabIel　i1　the　supplement）．
　　　　　　　The　interaction　of　stinulus　type　x　sex　was　not　significant［F（1，84）＝O．116，、p
＝．734］；　however，　the　stimulus　type　x　probe　stimulus　was　significant［F（5，84）＝4・2　1　6，
p〈．01］．The　multiple　comparison　test　showed　significantly　mqre　Go－responses　to
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VIA2　and　V1（these　included　V1）than　to　V2A1，　A1，　V2，　and　A2　fbr　the　biological，
artificial，　and　bioIogical－artificial　stimuli（p＜．001）．　There　were　more　Go－responses　to
VIM　in　the　artificial　task　than　to　V　l－only　in　the　bio　logical　task（pく．05）．　Subjects　gave
100％Go－responses　to　VIM　in　the　artificial　task，　but　subjects　sometimes　did　not
respond　to　V　l　hl　the　biological　task（See　Table　2　in　the　supplement）．
　　　　　　　The　interaction　of　sex×probe　stimulus　was　also　significant［F（5，84）＝8．026，
p＜．001］．The　multiple　comparison　test　revealed　many　more　differences　than　the　above
instances．　The　Go－responses　to　VlA2　and　V1（these　included　V1）were　also
significantly　more　than　to　V2Al，　A　1，V2，　and　A2　in　males，　females，　alld　males－females
（ρ＜．001）；males　responded　with　fewer　Go－responses　to　V　l　than　did　females　to　V　I　A2
（ρ＜．05）．This　difference　reflects　the　fact　that　Vl　elicited　relatively　fewer　responses
from　males　than　from　females，　while　females　responded　to　all　V　I　M．　Moreover，　there
were　significantly　more　male　Go－responses　to　V2A　l　than　female　Go－responses　to　V2Al
ψ＜．OO1），　A　1，　V2（pく．01），　and　A2（ρ〈．001）and　male　Go－responses　to　V2，　A2（p＜
．01）．This　suggests　that　V2AI　elicited　rnore　responses　from　males（See　Table　3　in
supplement）．
　　　　　　　The　ilteraction　of　stimulus　type　x　sex　x　probe　stimulus　was　significant［F（5，
84）＝2．662，p〈．05］．　The　multiple　comparison　test　clarified　which　relations　affected　the
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results　ofthe　statistical　tests　shown　above．　Both　stimulus　tasks　f（〕r　the　females　but　only
the　artificial　task　for　the　males　showed　a　simple　tendency　for　more　Go－responses　to
VIA2　and　Vl　than　to　V2Al，A1，V2，　and　A2（pく．001）；no　significant　differences　were
fbund　among　other　levels．　However，　the　males’　Go－responses　to　the　bio　logical　stimuIu　s
revealed　some　other　differences．　Males　showed　significantly　Inore　Go－responses　to
V2AI　in　the　biological　task　than　did　females（p＜．001；Fig．1a），　as　well　as　for　Al（pく
．01），V2（p＜．Ol），　and　A2（pく．001）加、　the　biological　task，　a皿d　V2Al，　A1（pく．OOI），
V2ψ＜．01），　and　A2（p＜、001）in　the　artificial　task．　Male　Go－responses　were　also
greater　f（〕r　V2AI　than　fbr　V2，　A2　in　the　biological　task（p＜．001）a皿d　A1（pく．05），　V2
（pく．Ol），　and　A2（pく．001）in　the　artificial　taSk．　Interestingly，　the　females　did　not
respond　to　V2AI　at　all，　even　in　the　biological　task．　This　suggests　that　AI　could　elicit
many　more　Go－responses　from　males　in　the　bio　logical　task，　if　the　stimulus　included　a
visual　st廿nulus．　There　were　fbwer　male　than　female　Go－responses　to　Vl　in　the
biological　task（ρ〈．05；Fig．1a）and　in　the　artificial　task　for　both　males（p＜．05）and
females（p＜．01）．　Moreover，　there　was　no　significant　relation　of　male　Go－responses
between　V2Al　and　VI　and　between　VIA2　and　Vl　in　the　biological　task．　This　result
suggests　that　male　responses　had　lower　dependence　on　Vl　than　did　female　responses
only　in　the　bio　logical　task．　These　interesting　differences　were　not　observed　at　all　in　the
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artificial　task（Fig．1b）．　Thus，　males’responses　were　more　auditory－information
dependent　than　were　females’responses　only　in　the　biological　task（See　Table　4　in　the
supplement）．
ヱ）右」ア乙1「召ηC850riginated∫πexperieJz　ces
W¢calculated　a　three－way　ANOVA　to　exan血e　the　effect　of　experimental　order　on　th、e
results．　The　analysis　showed　no　differences　between　the　groups　fbr　all　probe　stimuli　in、
both　sttmulus　types［st㎞ulus　type　x　groups：F（1，84）＝0．498，　P＝．482；probe　stinulus
xgroups：F（5，84）＝0．414，　P＝．414；and　sthnulus　type＞（groups×probe　stimulus：F（5，
84）＝0．519，、ρ＝．761］．
　　　　　　　The　same　analysis　was　conducted　to　examine　the　effect　of　the　subjects’
previous　operant　experience．　The　results　did　not　show　any　significant　differences
［sthnulus　type×exper㎞ental　history：F（1，84）＝0．164，　P＝．687；probe　st血1ulus＞（
experimental　history：F（1，84）＝0．831，、p＝．531；and　stimulus　type　x　experimental
history　x　probe　stimulus：F（5，84）＝L739，．P＝．135］・
　　　　　　　These　results　showed　that　the　females　consistently　used　the　visual　cues　for　beth
biological　and　artificial　st㎞uli．　However，　the　males　were　more　strongly　affected　by
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auditory　cues　than　were　the　females，　especially　for　the　biological　stimulus．　The　fem、ales
showed　a　high　average　response　to　the　probe　stimuIus　V1（＞90％average）fbr　both
biological　and　artificial　st元muli，　whereas　the　males’responses　to　the　stimuli（60％）
decreased　significantly　only　f（〕r　the　biological　stimulus．　The　males　responded　to　V2Al
with　a　co且siderably　high　probability（45％），　although　the　females　did　not　respond　at　all
to　that　stimulus．　These　results　indicated　that　the　females’responses　were　strongly　Vl
dependent　regardless　of　the　stimulus　type，　but　the　maIes’judgments　were　affected　by
whether　the　stimulus　included　Al　for　the　biologica正stimulus．
Discussion
This　research　clear正y　shows　that　different　st㎞ulus　types　elicit　different　responses．　All
data　analyses　revealed　that　males　and　females　tended　to　be　more　dependent　on　visuaI
in　fo　rmation　than　they　were　on　auditory　information　hl　experiments　test血g　both
biological　and　artificial　discrimination．　These　results　are　consistent　with　a　previous
study　of　Bengalese　finches（Watanabe　et　al．，1993）．　Some　f｛）od－reward　operant　studies
have　shown　that　auditory　stimuli　are　comparatively　less　efflective　than　visuaI　stimuli，　or
that　visual　infbrmation　overshadows　auditory童nfbrmation　in　discr㎞ination　Ieaming
using　light　and　tone／noise，　in　rats（CoIwill＆Rescorla，1990）and　pigeons（Kraemer＆
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Roberts，1985）．　In　our　study，　although　the　auditory　Go－st㎞ulus（A1）could　elicit
Go－responses，　the　response　was　much　Iess　than　expected　if　the　subjects　had　truly
learned　to‘Go’　only　in　the　auditory　stimulus．　This　result　may　be　re正ated　to　differences　in
visual　and　auditory　learning　capabilities．　Interesting正y，　auditory　stimuli　were　more
effect　ive　than　light　sthnuli　in　st㎞ulus　control　fbr　shock　avoidance　i皿pigeons（Foree＆
LoLordo，1973）and　rats（Field＆Boren，1963）．　These　studies　demonstrated　that　visual
st㎞uli　are　not　aIways　more　effective　than　auditory　stimuli　in　disc血nination　leaming
and　that　the　priority　ofsuch　senses　can　be　influenced　by　context．　In　our　experirnent，　the
males’respo皿ses　varied，　appearing　to　be　dependent　on　the　stimulus（Vl　or　A　1）when　the
stimulus　type（biological　or　altificial）was　changed．　In　contrast，　the　females　’responses
did　no　t　vary　in　this　way；they　relied　on　visu　al　cues　at　all　times．
Sex　difference　tn　audio－visual・dis‘ア加linatio’1
The　results　suggest　that　males　used　audiovisual　information　differently　from　females．　In
this　experiment，　visual　infbrmation　was　relatively　ilnportant　hl　order　fbr　both　males　and
females　to　discrirninate　stimuli．　The　females　responded　strongly　to　probe　st血uli　if　V　l
was　incIuded，　regardless　of　auditory　stimulus．　However，　for　the　biological　stimulus，　the
males’rcsponses　were　much　more　Al　dependent　than　were　those　of　the　fbmales．　If　the
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stimulus　included　A1，　the　males　responded　to　the　stimulus　even　though　the　visuaI
infbrmation（V2）had　been　associated　with　punishment　in　the　trained　stimu正us
combination（V2A2）．　This　resuit　is　not　consistent　with　a　previous　audiovisual　playback
experiment　i1　pigeons（Ryan＆Lea，1994），　which　reported　that　maIes　reacted　to　video
images，　but　did　not　react　at　all　to　cooing　sounds．　However，　this　may　reflect　a　difference
between　species．　The　Bengalese　fnch　is　a　songbird，　while　pigeons　are　not．　As　we　will
discuss　Iater，　male　songbir・ds　have　some　good　reasons　to　be　sensitive　to　auditory
signalS．
　　　　　　　As　shown　in　Figure　la，　males　responded　more　to　V2Al　than　they　did　to　Al
alone．　This　suggests　that　while　the　auditory　stimulus　alo皿e　could’elicit　Go－responses
丘om　males，　their・responses　would　be　elicited　more　efiiciently　if　Al　was　combined　with
avisual　sthnulus．　In　contrast，　females’responses　to　the　probe　stimuli　in　both　bioIogica董
and　artificial　experhエ1ents血dicated　that　they　depended　only　on　visual　cues・
　　　　　　　The　results　also　indicate　that　the　males’discriminatlon　behaviors　changed
according　to　the　stimulus　type，　whereas　the　females　did　not　show　this　tendency．　The
statistical　analyses　suggest　that　males　might　use　songs　as　a　discrimhユation　cue　more
efficiently　than　do　females　in　the　bio　logical　task．　This　result　seems　to　be　consistent　with
the丘ndings　of　a　previous　operant　study（Cynx＆Nottebohm，1992），　in　which　zebra
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fmch　females　requir℃d　more　trials　to　reach　the　criterion　of　acquisition　than　did　males　in
the　song　discrimination　task；however，　we　did　not　achieve　these　results　in　similar
studies　ofthe　Bengalese　fhlch．
　　　　　　　Below，　we　discuss　some　possible　explanations　fbr　our　resuIts，　associated　with
song　learning，　the　nervous　system，　and　overshadowing　based　on　the　ethological
background　ofso皿gbird　species．
7ア主θsong　contro∬system　and　song　learning　ill　male　songbirds
Adret（1993）fbund　that　juvenile　male　zebra　finches　could　learn　a　taped　song　with　no
visual諭㎜ation，　although　Houx　and　ten　Cate（1999a）reported　that　social　interactions
facilitate　song　learni皿g．　While　all　su切ects　in　our　study　were　adults，　these　findings　may
explain　why　males　were　more　sensitive　to　auditory　input．
　　　　　　　The　brain　structUre　of　songbirds　shows　conspicuous　sexual　dimorphism，　which
could　have　caused　these　results．　As　discussed　above，　as　in　many　other　b辻ds，　only　male
Bengalese　finches　can　learn　and　sing　songs．　Male　brains　possess　a　remarkably
developed　structure　called　the　song　control　system，　which　is　composed　of　nerve　nuclei；
in　female　brains，　these　structures　are　much　smaller　or　vestigial（Nottebohm＆Amold，
1976）．The　brains　of　female　Bengalese　finches，　in　particular，　lack　some　song　nuclei
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（Tobari　et　aI．，2004）．　The　lesions　of　some　song　nuclei　affヒct　song　discrimination　in
some　birds（Scharff　et　al．，1998；Burt　et　al．，2000；Gentner　et　al．，2000；Okanoya　et　al，，
2001）．The　volurne　of　a　song　nucleus　is　also　involved　in　processes　of　song　perception
and　discrim士nation（Leitner＆Catchpo正e，2002）．　These　studies　have　shown　that　the　song
control　system　is　critically　related　to　song　recognition．　The　sex　differences　in　the　neural
structure　Inay　also　relate　to　the　results　ofthe　present　audiovisual　discrimination．
ルlating　beh｛2v／or　and∫〃ijフrinting　inノ’emales
Our　results　suggest　that　fema正es　attended　less　to　the　songs　than　did　males．　However，　it
seems　reasonable　to　expect　that　females　would　listen　carefUlIy　to’conspecific　songs，
which　are　an　important　component　in　male　courtship　behavior　and　female　mate
choice．　An　audiovisual　video　playback　experirnent　using　pigeons　showed　that　the　audio
channel　effectively　elicited　female　courtship　responses（Pa舳et　aL，2005）．　Although
pigeons　are　not　songbirds，　this　result　supPorts　the　hypothesis　that　auditory　information
is　an㎞porta皿t　cue　for　females　to　be　stimu豆ated　in　a　sexual　context　In　our　experiment，
however，　fema豆es　did　not　seem　to　attend　to　songs　as　a　discrinlinative　cue．
　　　　　　　One　possib夏e　explanation　is　that　this　experimental　condition　is　too　far　removed
from　normal　situations　in　which　females　observe　singing　males．　A　previous　study。f
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female　cowbirds　that　investigated　whether　listening　to　songs　in　the　sexual　context
differed　from　listening　in　a　f（）od－related　context（Jo㎞srude　et　al．，1994）seems　to
support　this　idea．　For　females，　courtship　behavior　is　quite　different丘om　the
discrimination　of　audiovisual　st㎞ulus　in　operant　tasks．　Male　birds，　however，　may　use
auditory　cues　fbr　discr㎞皿ation　as　the止strategy　hl　nature．
　　　　　　　The　other　possibility　is　that　females　atプ｝rst　visually　recognize　conspecific
males，　and　only　then　will　listen　to　the　songs．　Because　some　songbird　species　can　even
copy　the　songs　of　other　species，　to　choose　a　mating　partner　based　on　only　auditory
information　is血appropriate　for　females，㎜d　visual曲mation　could　t欲e　precedence
over　auditory　signals．　From　the　vieWpoint　o　f　inprinting，　auditory　imprinting　starts　over
25days　after　hatchi皿9（CIayton，1988b）．　Early　exposure　to　songs　affects　the　preferences
of　zebra　finch　females（Lauay　et　al．，2004；Riebel　et　a1．，2002），　while　early　social
imprinting　begins　with　visual　infbrmation　only　10　days　after　hatching；social　imprhユting
then　guides　the　development　of　sexuaI　preference（Bischof，2003）．　Thus，　visual
imprinting　may　be　stronger　than　auditory　imprinting，　and　the　visual　st㎞ulus　could
overshadow　the　auditory　stimulus．　Without　bei皿g　able　to　see　the　singer，　fema正es臨end
to　sounds　more　carefU1ly．　Some　physiological　and　ethological　studies　have　suggested
that　females　distilguish　between　songs　and　that　even　recorded　songs　can　elicit　females’
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responses（Clayton＆Prbve，1989；Ikebuchi　et　aL，2003；Okanoya，2004）．　Although
males　are　also　imprinted　by　visual　information　earlier，　males　might　pay　more　attention
to　auditory　signals　than　do　females　because　males　have　a　strong　tendency　to　do　so　il
nature．
Another　explanation　and　suggestionsforfuture　studies
There　is　another　possible　interpretation　of　the　results．　The　stimulus　sets　we　used　were
chosen　to　simplify　the　experimental　design；however，　as　a　result，　the‘‘biological”and
the‘‘artificial”st㎞ulus　sets　were　not　equivalent．　While　the　biological　stimuli　were　very
rich，　the　artificial　stimuli　were　very　sirnple．　This　difference　maゾhave　caused　some
differences　in　the　attention　given　to　the　stimuli　by　the　male　and　female　finches．　The
males　may　have　paid　more　attention　to　the　complicated　acoustic　featUres　than　did　the
females（even　if　the　sth皿ulus　was　not　a　biological　one）．　On　the　other　hand，　if　the
females　paid　more　attention　to　the　complicated　visual　stimulus（regardless　of　whether
the　stimuli　were　biologica正）than　did　the　males，　the　rich　visua工stimulus　could　have
overshadowed　the　auditory　stimulus，　even　if　the　females　were　as　sensitive　as　the　males
were　to　songs．　If　so，　then　the　results　could　be　discussed丘om　the　viewpoint　of“rich”
versus‘‘simpIe”rather　than“bioIogical”or“artificiaI．”This　possibility　couId　be
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examined　by　using　transformations　of　the　biological　stimuli　fbr　the　artificial　stirnuli．
Candidates　fbr　such　transf（〕rmations　would　be　breaking　the　visua重stimulus　apart±nto
pieces　or　using　backwards　songs　as　in　acute　e正ectrophysiological　exper㎞ents　il
songbirds（It　has　been㎞own　that　such　kind　of　auditory　sthnulus　evoke　fewer　neural
activities　than　the　bird’s　own　songs　in　the　song　control　nuclei　of　Bengalese　finches
（Seki＆Okanoya，2006），　the　same　as　other　songbirds．）．　Additional1｝～it　would　be
meani皿gfUI　to　exar曲le　whether　the　resuIts　wouId　d　iffer　if　non－conspecific　birds（e．g．，
zebra　finches）were　used　as　stimuli．　A皿other　interesting　experiment　would　be　to　use　the
tutor　song　fbr　males　and　the　cage－mate　song　or　the　imprinted　song　fbr　females　as
auditory　sthnu丘
　　　　　　　These　possible　explarlations　based　on　neural　mechanisms，　mating　system　and
imprinting，　a血d　complicated　or　simplified　stinulus　features　may　or　may　not　relate　to　the
present　results．　However，　our　s㎞plified　experimental　design　reveals　clear　cognitive
differences　between　male　and　female　Bengalese　finches　in　audio－visual　discrimination
and・aises　r・me血terest血g　questi・ns　t・be　tested　in　fUture　studies・
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Figure　C叩tio皿s
Figure　la．　Responses　to　the　probe　stimuli　in　the‘‘biological　stimulus：”In　the　training
session，　the　responses　to　VIAI　were　reinfbrced　by　f（〕od　and　the　responses　to　V2A2
were　fbllowed　by　blackouts．　Error　bars　represent　standard　e皿or　of　mean（SEM）．
Post－hoc（Tukey’s　HSD）test　showed　there　were　sex　differences　in　Go－responses　to　V　1
（CI：－63．87－　－0．13，　effect　size：LO5）and　V2A　1（CI：13．13－76．87，　effect　sセe：
1．72）．＊」p＜．05；＊＊」p＜．01．
Figure乃．　Responses　to　the　probe　stimuli　in　the‘‘artificial　stimulus：”Post－hoc　test
showed　that　there　were　no　sex　differences　in　the　response　to　the　probe　st㎞uli，　in
contrast　to　the“bio　logical　sttmulus”．
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Section　2：
The　ef『ect　of　sound　localion　in　a　song　discriminadon　task　in
Bengalese　finches（Loπc肋アα誹’伽va凱40耀5’icの
Abstract
To　understand　the　relationship　between　song　perception　and　stimulus　location，　BengaIese
fmches，　a　species　of　songbirds，　were　trained　to　discriminate　between　a　normally　played
conspecific　song　and　the　reversed　song．　Loudspeakers　o皿　the　oPPosite　side　o　f　the
response　key（expertmental　condition）and　above　the　subj　ect（control　condition）were
used　to　present　stimuli．　Under　the　coIltrol　condition，　all　subjects　learned　the　task，　whereas
under　the　experitエlental　condition　some　birds　did　not．　In　general，　birds　learned　the　task
more　quickly　under　the　control　conditio　n　than　under　the　experimental　condition．　Results
suggest　that　for　these　birds　sound　location　mayb¢tightly　associated　with　behavioral
responses　and　bioacoustical　investigations　should　be　undertaken　with　these
considerations　hユto　account．
Keywords：operant　conditioning，　songbird，　song　discrir【lination，　sound　Iocation，
touchscreen
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Introd脇ction
In　many　songbird　species，　only　males　sing　songs，　which　they　learn　as　juveniles　fヒom
tutors　in　social　relatlonships．　Males　use　song　as　a　courtship　signal　in　adulthood（Sossinka
＆Bohner，1980）．　Especially　in　estrildid　finches　such　as　Bengalese　finches（Lonchura
striata　var．　domestica）and　zebta　finches（Taeniopygia　guttata　guttata），　because　male
courtship　behavior　includes　both　song　and　dance，　females　listen　to　males’song　while　also
being　visually　stimulated．　In　the　wild　and　also　in　captivity，　songs　sung　by　different
individuals　may　come丘om　several　d廿ections　simultaneously　withiii　a　Hmited　space．
Theref（〕re，　hl　these　estr畳ldid　fnches，　associating　a　visual　target　with　the　sound丘om　the
same　dh・ection　is　important　if　birds　are　to　perceive　the　correct　stimulus　fヒom　a　signaling
bird　in　a　song－1earni皿g　or　courtship　situation．
　　　　　　　We　attempted　to　clarify　how　sound　source　location　affects　a　song　discrimination
task　in　Bengalese　finches．　Because　sound　waves丘om　various　locations　can　reach　the　ears
of　a　single　listener，　we　expect　birds　to　be　able　to　discriminate　songs　regardless　ofthe
sound　location．　However，　we　previously　noted　that　the　location　o　f　a　loudspeaker　seemed
to　affect　the　performance　ofsuch　tasks　in　Bengalese　finches．　Thus，　we　sought　to　confirm
our　observation　under　controUed　conditions．
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Materials　and　Metho“s
3吻eごts
We　used　fbur　male　and　six　female　Bengalese　finches（レ2　years　old）that　were　kept　in
captivity　in　the　aviary　at　the　Laboratory　fbr　Biolhlguistics，　RIKEN－BSI．　These　birds　had
not　been　used　in　any　experiments　previously　The　birds　were　randomly　divided　into　two
groups：two　males　and　two　females　comprised　the　control　group，　and　two　males　and　fbur
females　comprised　the　experimental　group．　The　temperature　and　humidity　ofthe　aviary
were　maintained　at　about　25°C　and　60％，　respectively，　and　the　light／dark　cycle　was　13／11
hr．　During　the　experimental　period，　the　su切ects　were　kept　together　in　two　steel　cages（D
255xW315×H40．O　cm）and　were　fed　30r　4　hr　befbre　daily　training；
vitamin－enhanced　water　was　avanable　ad　libitum．
APLparatus　　、
We　used　an　inf士ared　touchscreen（Unitouch，　Tbuch　PaneI　Systems，　Japan）attached　to　a
15－inch　thn　film　transistor（TFT）liquid　crystal　display　monitor（LCD－A15V，　Iodata，
Japan；1024　x　748　pixel　resolution）．　The　touchscreen　has　an　acrylic　plate　that　detects　the
movement　of　a　human　finger　using　scan血lg　lines；however，　the　beak　of　a　Bengalese
且nch　is　so　small　that　the　touchscreen　could　not　deteot　the　responses．　Therefore，　we
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removed　the　panel　so　that　the　subj　ect　pecked　the　TFT　monitor　directl｝i，　causing　the　bird’s
head　to　block　the　scanning　lines　and　allowing　the　touchscreen　to　detect　the　bird’s
responses．　We　used　a　plastic　cage　designed　fbr　small　birds（W　I　5．5xD　30．OxH　22．O　cm）
from　which　one　wall　was　removed　and　replaced　with　the　touchscreen．　Inside　the　cage，　a
perch　was　attached　4．O　cm丘om　the　touchscreen　and　10．O　cm丘orn　the　floor．　A　fbod　cup
was　located　between　the　perch　and　the　touchscreen，　and　a　feeder（0㎞bo　Sokkoki，　Japan）
provided　one　or　two　grains　at　a　time　to　the　cup　as　the　reward．　One　loudsp　eaker（8Ω，15　W，
6（p）was　placed　6．O　cm　above　the　roofofthe　cage　and　another　was　placed　6．O　cm　behind
the　cage．　The　system　was　placed　in　a　ventilated　sound－attenuated　chamber（inside
dimensions：D40x　W　58　x　H　37　cm）i皿which　the　background　noise　was　46　dB．　The
chamber　was　lit　with　a　miniature　bulb（12「略0．1A）．　The　entire　system　was　controlled　by
apersonal　computer．
Stim　uli
We　used　a　Bengalese　finch　song　that　had　been　recorded　with　a　sampling　frequency　of
44．1kHz　at　Chiba　University；the　s呵ects　had　not　heard　the　song　previously，　We
converted　the　song　to　a　Windows　PCM　file（．wav）and　used　only　a　l．O・・sec　portion・This
was　used　as　the“Go”stimulus，　and　the　reversed　song　was　used　as　the‘‘NoGo”stinulus．
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Avisoft　SASLab（Avisoft　bioacoustics，　Germany）was　used　to　edit　the　stimuli．　The
maximum　sound　amplitude　was　74　dB　at　the　location　of　the　bird’s　head．　We　presented
visual　keys（white　and　black；20　pixels　per　circle）on　the　TFT　mor亘tor．
Proeedure
The　experiments　were　conducted　between　10：00　and　13：00．　Once　the　subjects　had
adapted　to　the　feeder，　they　were　trained　to　peck　the　white　key．　Responses　to　the　key　were
reinforced　by　the　reward，　and　the　inter－trial　interva　l（ITI）was　set　at　2　s　ec．　When　a　subj　ect
spontaneousIy　pecked　the　white　key　50　t廿nes，　the　disc血nination　task　was　started　on　the
fo　llo　wing　day．
　　　　　　　The　experimental　group　was　assigned　to　the　rear－speaker　condition（i．e．，　the
experimental　condition）and　the　control　group　was　assigned　to　the　overhead　speaker
condition（i．e．，　the　Oontrol　condition）．
　　　　　　　Birds　were　trained　by　Go∠NoGo　discrhnination．　One　session　consisted　of　102
tr量als（Go　and　NoGo　sth皿uli　were　randomly　presented　51　times　each），　and　one　session
was　perf（〕rmed　per　day　for　each　subject．　In　the　discrirnination　task，　when　the　bird　pecked
the　black　key（i．e．，　observation　key），　the　key　disappeared　and　the　stirnu重us　song　was
played　in　u　nediately．　After　the　song　terminated，　the　white　key（i．　e．，　report　key）appeared
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（1元mited　hold　2　sec）．　In　the　Go　trial，　if　the　bird　pecked　the　report　key（Hit），　a　reward　was
provided．　In　the　NoGo　trial，　ifthe　bird　pecked　the　report　key（False　Alarm：FA），　the　room
Iight　was　tumed　off　for　10　sec．　The　next　trial　began　after　the　ITI．　Ifthe　bird　did　not　peck
the　key　in　a　Go　trial（Miss）or　NoGo　trial（Correct　Rejection：CR），　the　next　trial　started
following　the　ITI．　The　percentage　ofcorrect　trials　was　calculated　by（Hits÷CRs）／（Hits＋
CRs＋FAs＋Misses）x正00．　When　a　bird　attained＞80％correct　responses　twice（or
＞70％correct　in　eight　sessions　fbr　a　Iow－perfbrmance　bird），　we　concluded　that　the　bird
had　acquired　the　ability　to　discriminate．　To　confirm　that　these　birds　could　maintain
perfbmlance　regardless　of　speaker　location，　we　then　tested　these　birds　in　five　sessions
under　the　other　speaker　condition．　For　subjects　that　did　not　reach　the　performance
criterion　within　26　sessions，　the　speaker　condition　was　changed　and　tra血血g　was
continued　fbr　up　to　26　more　sessions．
Ana！yses
We　used　three－way　repcated－measures　analysis　of　variance（rm－ANOVA：group　x　sex　x
session）and　two－way　m1－ANOVA（group　x　session）to　analyze　our　data．
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Results
In　the　experimental　group，　three　ofsix　birds　acquired　the　discr㎞㎞．ation　ability（in　13，16，
and　25　sessions）．　However，　the　other　three　birds　did　not　meet　the　perfbrmance　criterion．
Thcse　birds　had　50－55％correct　responses　in　the　26th　session．　On　the　other　hand，　all　birds
in　the　control　group　reached　the　perfbrmance　criterion（in　l　6，16，17，　and　23　sessions）．
One　control　bird　repeatedly　had　relatively　low　scores（73－78％co旺ect　responses）a丑er　it
reached　70％．　Thus，　we　adopted　the　criterion、　of＞70％correct　fbr　eight　sessions．
　　　　　　　Using　the　sessio皿umber　during　which　the　frrst　bird　attained　the　perfonnance
criterion（i．e．，　the　13th　session），　we　examined　the　Iearning　curves　with　a　three－way
ANOVA．　There　were　significant　mail　effects　ofsession（df＝12，　F＝2’．512，、pく0．OI）and
group（df＝＝1，F＝6．216，、p＜0．05；Fig．1）．　The　effect　ofsex　was　not　significant（df＝1，F
＝0．78，」v＝0．38），and　there　were　no　signi丘cant　interactions．　These　results　indicate　that
when　the　sound　source　was　located　on　the　opposite　side　ofthe　visual　key，　the　birds　needed
more　time　to　leam　song　discrimination．
　　　　　　　After　birds　acquired　the　ability　t・discr血血ate，　they　were　tested　under　the・ther
speaker　condition．　In　the　first　session　under　the　new　condition，　two　birds　had　about　60％
correct　responses．　However，　the　average　score　over　five　sessions　was　73．8－84．8％．　There
was　no　significant　difference　in　scores　among　the　fivc　sessions（two－way　ANOVA，
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groupl　dfニ1，F＝0．83，p＝0．37；session：df＝12，　F需L27，p＝021）．　Thus，　the　birds丘om
both　groups　maintained　their　performance　regardless　of　speaker　location　once　they　had
learned　the　task　This　suggests　that　the　sound　was　equally　easy　to　hear　under　both
conditions．
　　　　　　　The　birds　that　did　not　leam　the　task　in　the　experimental　condition　were　te…rted
under　the　control　condition　after　the　26th　session．　All　ofthese　birds　attained＞80％correct
responses　withn　26　sessions，　hユdicating　that　they　could．1eam　the　task　if　the　speaker　was
located　in　the　control　location．　Using　the　session　number　during　which　the　first　bird
reached＞80％correct（i，e．，　the　tenth　session），　we　tested　the　learning　curves　of　the　two
groups　with　a　two－way　ANOVA．　The　main　effect　of　group　was　significant（df＝8，　F＝
13．66，」p＜0．05），and　session　was　not　significant（df＝8，　F＝1．73，p＝0．12；Fig．2）．　Thus，
after　the　speaker　location　was　changed　to　the　control　location，　the　birds　started　to　learn　the
discr血1血ation　task　quickly．　It　is　possible　that　they　atready　recognセed　the　difference
between　the　stimuh，　but　could　not　associate　the　sound　with　the　Go／NoGo　task．
1）iscussio皿
When　the　sound　was　played　from　the　opposite　side　ofthe　visual　key，　half　o　f　the　subjects
could　not　learn　the　task　withn　the　established　period．　Under　the　control　condition，　all
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subj　ects　learned　the　task．　Additionally，　the　Iearni皿、g　curves　clearly　showed　that　the　task
was　mastered　significantly　more　quickly　under　the　control　condition　than・under　the
experimental　condition．　When　the　speaker　location　was　changed　to　the　control　location，
the　birds　that　had　been　in　the　experimental　group亘eamed　the　task　quickly．　Thus，　it　may　be
difficult　but　not　inpossible　for　most　birds　to　learn　the　asso　ciation　between　responses　to
the　key　and　a　sound　fkom　the　direction　opposite　the　visual　stimulus．　This　much　said，　it
was　still　much　easier　for　the　birds　to　associate　the　song　with　the　response　key　when　the
key　was　placed　close　to　the　sou，nd　source．
　　　　　　　A　previous　operant　study　reported　that　passerine　birds　have　a　performance　for
discr血iination　ofsound　source　location（Kユump　et　al．，1986）．　Thus，　in　the　present　study，
birds　seemed　to　recognize　the　sound　source　direction　However，　Lewald（1987）showed
the　acuity　ofsound　localization　becalne　better　hl　a　classical　conditioning　us血g　electrical
shock　rather　than　in　an　operant　con．ditior直ng　using　rewards　in　pigeons．　Therefore，　a
cognitive　process　of　sound　location　might　be　affected　by　the‘‘context”．　Because　we　used
not　an　artificial　sound　but　their　song　as　the　discrim血ative　stimulus，　it　rnight　be　affect　the
results．
　　　　　　　In　song　le血g　ofzebra加ches，　key　peckng（Houx　and　tenCate，　1999a）and
P・esentati・n・fa・stuffed・bird・as・a・visual・stimulus（H・ux　and　tenCate，1999b；B・lhuis　et
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al．，1999）seemed　not　to　affect　the　learning　performance　at　all・In　these　studies，　birds
could　copy　the　played－back　tutor　song　Passively　in　no　visual　stimulus　condition・In　the
present　song　discrin　iination　task，　therefbre，　it　seemed　to　be　natural　if　birds　can　associate
the　task　and　p　layed－back　song　automatically．　However，　it　was　difficult　f（〕r　experimental
birds　to　do　so．　Interestingly，　Hultsch　et　al．（1999）showed　auditory－visual　pairing　enh、ance
the　song　learning　in　hand－reared　nightingales（．Luscinia　megarh：ソnchos）．　Thus，　effects　o　f
association　between　visual　and　auditory　information　might　differ　between　species．
　　　　　　　In　Bengalese　finches，　because　songs　carry　the　properties　of　the　signaler　to　the
receiver　and　several　songs　can　come　from　several　directions　simultaneously，　the　receiver
must　associate　the　song　with　the，　proper　visual　target．　Therefbre，　it　might　be　dif臼cult　fbr
the　subj　ect　s　to　associate　responses　to　the　visual　key　with　the　stimuhls　song丘om　the
opposite　dh℃ction．　Of　course，　in　examining　discrimination　of　sound　location　in　some
allimals，　plac士ng　the　sound　source　a（lj　ac　ent　to　the　manipulanda　enables　rapid　Iearni皿g
（Harris・n　et　aL，1971）．　H・wever，　the　task㎞面s　study　was　s・ng　discrim血ati・n・n・t　the
discrimhユation　of　sound　location、　Moreover，　close　proximity　o　f　the　three　terms（i．e．，
stimulus，　resp・nse　key，　and　reinf・rcement　place）might　n。t　always　e血ance
discrimination　Ieaming　using　touchpanels（Markham　et　aL，1996）．
　　　　　　　　In　many　studies　of　sound　discrh皿辻lation　learni皿g　in　songbirds・the　speaker　has
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been　located　above　and　behind　the　response　key　or　above　the　subject（e．9．，　Gentner　and
Hulse，1998；Okanoya　et　al．，2000）．　Our　fUidings　provide　a　basis　for　decid血g　speaker
location　and　may　be　valuable　in　improving　fUture　studies　o　f　song　discrimination　learning
in　songbirds．
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Figure　Legends
Figure　1．　Birds　under　the　contro　l　condition　learned　the　discrimitユation　task　more　rapidly
thanb辻dsunderthe　experimentalc。nditi。n（ANOVA：df－1，F－6．216，〆0．05）．　lnthe
experimental　condition，　the　sound　source　was　placed　on　the　opposite　s三de　ofthe　response
key　In　the　contro　l　condition，　the　sound　source　was　above　the　subj　ect．　Error　bars　represent
the　sta且dard　error　oftheエnean．
」FigUre　2．　Learning　curve　of　the　experimental　group　afしer　the　speaker　location　was
changed　to　the　control　location．　These　birds　learned　the　discrimination　task　more　rapidly
than　nai’ve　birds　under　the　control　condition（dfニ8，　F＝13．66，　pく0．05）．　Error　bars
represent　the　standard　error　o　f　the　mean．
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Section　1：
Song　Production　pattern　of　the　Bengalese　finch　（Lonchura
striata　var．　domesticの　is　consistent　with　the　statistical
‘‘唐?モ庶Md－order，，　song皿nit
Abstract
Bengalese血ch（Lonchura　striata　var．　domesticのsongs，　un翔ke　tho　se　ofzebra　finches
（Taen　iopygia　guttata），　do　not　show　an．　unvarying　repetition　ofmotifs；instead，　there　are
variations　on　partially　stereotyped　sequences　ofsong　syUables．　Although　these
stereotyped　sequences　consist　ofmultiple　syllables，　in　most　cases　these　sy工IabIes　occur
together．　Thus，　these　stereotyped　sequences　are　song　structUres　and　could　be　caUed
‘‘唐?モ盾獅п|order　song　ur直ts．”To　examhle　whether　such　structures　really　exist　as　a　vocal
pro　duction　u皿it，　we　subjected　singing　birds　to　a　light　fiash　and　examined　when　the
stimulus　stopp　ed　the　songs．　When　Hght血terruptions　were　presented　within　the
stereotyped　sequences，　the　subsequent　syllables　tended　to　be　produced，　whereas
interruptions　presented　duri皿g　variab豆e　sequences　tended　to　cause　instantaneous　song
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termination．　This　suggests　that　the　associations　among　the　song　syllables　that　compose
the　stereotyped　sequences　are　orderly　than　those　fbr　the　variable　sequences，　and　these
relatively　robust　syllable　associatio1ユs　indicate　the　existence　ofsecond－order　song　units．
Additionally，　fo　llo　wing　interruptions，　several　types　o　f　song　sequence　agitations　were
observed　that　had　not　been　previously　reported　in　other　studies．　These　phenomena
might　be　caused　by　the　properties　ofBengalese　finch　songs　a1ユd　the　neural　systems　that
control　the　complicated　song　structures．
Keywords：hght　flash，　song　sequence，　song　unit，　songbird，　song　plasticity
1ntroduction
Birdsongs　are　sequent　ial　vo　calizations　that　are　comprised　ofvarious　sounds，　and　many
songbird　species　require　p　erio　ds　ofsong　learning　to　sing　no　rmal　songs（Tho甲e　1958）．
Thus，　songbirds　pro　vide　good　mo　dels　for　studying　the　neuro　science　o　f　sequential　motor
control　and　learning，　and　nurnerous　studies　have　been　conducted　using　zebra　fi皿ches
（Taeniopygia　guttatの．　The　zebra　fi皿ch　is　a　closed－ended　song　learner　that　has　a
sensitive　phase　ofsong　memoriZation　during　the　juven　ile　p　erio　d（BOhner　1990）．　Once
the　songs　are　crysta】tlized，　zebra　fi皿ches　produce　highly　stereotyped　songs（Price　l　979）・
The　Bengalese且nch（」1“onchura　striata　var、　domestica）is　closely　related　to　the　zebra
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finch　and　is　also　a　closed－end　sGng　leamer．　However，　Bengalese　finch　songs　are
comphcated　and　variable　compared　to　zebra　finch　songs，　even　after　the　songs　are
crystalliZed．
　　　　　　　To　facilitate　cornparison．，　songs　can　be　visualized　as　sound　spectro　grarns
（Thorpe　1958）and　can　be　divided　into‘‘song　syllables”separated　by　s且ent　hltervals　that
appear　on　the　spectrograms．　Using　this　method，　Bengalese且nch　songs　appear　to　consist
ofunits　that　are　composed　ofseveral　song　syllables（Fig。1）．　AdditionaUy，　while　some
sy皿ables　are　always　accompanied　by　other　syllables，　some　synables　do　not　have　such
partners．　These　song　structures　are　not　fbund血zebra　Iiiiユch　songs．　Zebra　finch　songs
aIso　have　hierarchical　stnlctures　incorp　orating‘‘syllables，”“motif』，”and“bouts”
（Sossinka　and　B6hner　l　980）；however，　this　structure　differs　f卜om　the　one　ofBengalese
丘nch　songs．　If　a　motif　is　a　group　ofseveral　syllable（s），　Bengalese　finch　songs　h、ave
motifs　as　same　as　zebra　finch　songs．　However，　while　zebra　finch　songs　consist　o　f
repetitions　o　f　si皿gle　mo　tif　and　all　syllables　are　a　member　o　f　the　motif，　B　engalese　finch
songs　include　several　motifs　and　consist　ofvarious　combinations　ofthese　motifs，　and
some　syllables　are　not　always　a　member　o　f　these　motifs　as　shown　in　figure　l．　So，　il
Bengalese　finch　songs，　it　is　not　easy　to　predict　the　subsequent　motif　ofamotif　in　some
cases　and　sometimes　it　is　also　not　easy　to　predict　the　subsequent　syllable．　Theref（）re，　hユ
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this　article，　to　distinguish　syllable　groups　ofBengalese　fUnch　songs丘om　motifもofzebra
finch　songs，　we　would　like　to　use　the　te㎜“second－order”ur亘t，　that　is，　a　group　of
several　syllables　that　always　appear　together．　This　structure　is　a　unique　feature　o　f
Bengalese且nch　songs．
　　　　　　　Some　studies　reported　about　the　stnユcture　ofBengalese　finch　songs
（1㎜曲ml969，　Cla卿1987，　Wo　oley　and　Rubel　1997）．　Then，　Honda　and　Okan。ya
（1999）reported　that　Bengalese五nches　sing　relatively　compHcated　songs　and　suggested
the　presence　ofgroups　ofsong　syllables．　Okanoya（2004）analyzed　these　songs
statisticany　and　showed　that　some　song　synables　occurred　together　and　couId　be
grouped．　Although　these　studies　showed　the　existence　ofsecond－order・song　structures
based　on　the　statistical　analyses　ofthe　song　sy皿able　sequences，　that　do　es　not　mean　there
is　a　second－order“motor　unit”ofsong　production．　Here　we　used　light　flashes　to
intemユpt　singing　behavior　fb　nowing　the　methods　ofCynx（1990）to　deterrnine　if　these
higher－order　units　really　exist　as　motor　patterns．　Cy皿x（1990）used　this　method　to
successfUlly　identify　that　the“syllable”is　the　motor　unit　of　song　production　in　zebra
finch．　Franz　and　GoHer（2002）also　used　light　flashes　to　study　zebra　finch，　and　similar
methods　have　been　used　in　studies　ofvocal　behavior，　e．g．，　in　vocalizing　doves
（Sti’eptopelia　decaocto）（ten　Cate　and　Balj血面n　1996），　night孟ngales（Lusein　ia
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meg・arhynchos）（Riebel　and　Todt　l　997），　and　cotton－top　tamarins（Saguinus　oedipus）
（M皿eret　al．2003）．
　　　　　　　We　hypothesiZed　that　in　B　engalese　finches　if　a　light　fiash　is　presented　withhl
the　second－order　unit，　the　song　w皿【not　stop　immediately　and　the　subsequent　syllable
w皿be　produced．　In　contrast，　if　the　stimulus　is　presented　outside　ofthe　unit，　the　song
w丑1　stop　immediately，　and　the　subsequent　syllable　wm　not　appear．
Materials　and　Methods
5吻80孟3
The　su切ects　were　adult　male　B　engalese　finches（n＝8；19－26　months　o　Id）derived　from
Chiba　University　and　kept　in　an　aviary　at　the　Laboratory　for　Biolinguistics　at
RIKEN－BSI．　Because　the　songs　ofBengalese　finches　crysta皿iZe　at　120　days　post
hatching（Okanoya　2004），　these　b廿ds　sang　adult　songs．　The　temperature　and　hu血dity
ofthe　aviary　were　ma量ntained　at　approximately　25°C　and　60％，　respectively，　and　the
light／dark　cycle　was　I　3／11h．　B　ecause　these　subjects　had　hatched　and　had　been　kept　in　a
丘ee　cro　ssbreeding　environment（D　120　x　W　120　x　H　200　cm）at　Chiba　University
during　their　growth　and　development，　they　had　opportunities　to　ieam　comphcated　songs
丘om　Inultiple　tutors．　During　the　exp　erimental　perio　d，　the　subj　ects　were　kept　together　in
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ametal　cage（D　25．5　×　W　31．5　x　H　40．0　cm）．　The　subjects　had　not　been　used　previously
f（〕rbehavioral　experhnents．
Apparatus
The　exper㎞ental　chamber　was　a　mesh　cage（D　355　x　W　185　x　H　26．O　cm）equipped
with　two　perches；the　chamber　was　placed　in　a　sound－attenuated　room（D　l　35．7　x　W
90．7×H183．6　cm，　R．S　3－075，　River　Fiold　Cosmo　s，　Jap　an）．　Eighteen　hght－emit血g
diodes（LEDs；SM5H15A－VP，3．2　V，　850　mcd；Sohdhte，　Taiwan）were　attached　to　the
cage　walls　as　if　the　birds　were　besieged，　and　directed　into　the　cage；the　height　ofthe
attachnent　was　7．O　cm　above　the　top　o　f　the　perches．　The　lighting　arrangement　allowed
visual　stimuli　to　be　presented　to　the　subject丘om　1　8　horiZontal　directiens．　During　the
exper㎞ent，　the　chamber　was皿uminated　weakly　by　an　electric　bulb（30　m曹2　cd）to
enhance　the　effects　ofthe　visual　stimulus．　Birdsongs　were　recorded　using　a　microphone
（MS957，　Sony，　Japan）and　computer　software（Aviso丘SASLab　Pro，　Avisoft
Bioacoustics，　Germany）at　a　sampl血g丘equency　of441　kHz　via　an　audio血er
（MX－50，　Sony，　Japan）．　The　same　birdcage　and　sound－attenuating　ro　om　were　used　for　all
trials　and　song　recordings．　The　recorded　data　were　saved　as　Windows　PCM（．wav）fles．
The　output　lne　from　the　microphone　was　connected　to　one　o　f　the　input　channels　ofthe
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audio　rnixer，　whereas　an　output　line　of20－kHz　sine　waves　from　an　oscMator（AG－204D，
Kenwo　o　d，　Japan）was　connected　to　the　other　input　channel　ofthe　audio　mixer．　The
LEDs　and　the　sine　wave　input　line　were　relayed　by　a　two－channel　mechanical　relay
（G5V－2，0mron，　Jap　an）driven　by　a　mechanical　switch．　W　hen　the　switch　was　pushed
down，　the　LEDs　were　p　owered　with　a　regular　vo　ltage　and　the　sine　wave　input　was
activated．　S　o，　the　20－kli｛z　sine　waves　were　not　inputted　to　the　system　via　the
microphone　but　directly　to　the　audio　miXer．　As　a　result，　although　the　subjects　did　not
hear　the　20－kHz　tones　at　all，　when　spectrograms　were　produced，　the　sine　waves
appeared　as　black　horizontal　1ines　at　20　kHz　within　the　birdsongs　and　we　could　detect
the　visual　st㎞ulus　onset　by　the　sound　spectrograms．
ルfeth　ods
We　recorded　nomlal　und辻ected　songs（Sossinka　and　B6hner　1980）to　anaIyze　song
structure．　A丘er　the　songs　were　recorded，　the　interruption　exper虻ments　started．　The
experhnenter　monitored　the　singing　behavior　ofthe　su切ect　using　headphones　and　reaI
time　spectro　graa　ns　on　the　PC　monitor　outside　ofthe　sound－attenu　ating　ro　orn　and
manuaUy　depressed　the　stimulus　switch　at　the　desired　moment．　The　presentation　ofone
light　stimulus　was　counted　as　one　test　trial．　One　session　consisted　of　10trials．　The
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experimental　order　o　f　the　subjects　was　rotated　with　an　inter－session血terval　ofat　Ieast　5
days　to　reduce　habituation　to　the　visual　stimulus．　For　the　same　reason，　the㎞ter－stirnulus
interval　was　set　at＞3m量n，　whether　or　not　the　subject　sang　withn　the　interval．　Each
subject　exp　erienced　five　expertmental　sessions；consequently，　we　acquir’ed　result　s　fbr　50
test　trials　per　subject．
Ana！yses
Noi・mal　song　transitions　Record血gs　ofthe　normal　undirected　songs　were　visualized
as　sound　spectrograms　using　the　PC　software（SASLab）．　On　the　software，　the丘equency
resolution　was　l　72　Hz　and　the　temporal　resolution　was　2．9　m丑1iseconds　per　one　pb＜e1．
Intervals　without　vocal血ations　that　were＞2．O　s　long　were　regarded　as　inter－bout
intervals　and　the血st　30　song　bouts　were　analyzed．
　　　　　　　The血st　songs　were　no㎜alized　by　sett並g　ofthe　max㎞um㎜phtude　within
70％ofthe　dynamic　range　and　were　1。0－kHz　high－pass　fUtered　to　increase　the　SIN
ratios　with　SASLab．　Then　the　songs　were　separated　into　song　synables　by
amphtude－based　syllable　seParation　in　SASLab（Wh皿e　some　birds　produce　synables
that　had　quite　wide　range　o　f　amplitudes　in　the　song，　other　birds　have　relatively　fewer
variations　ofsyllable　amplitude，　therefbre，　we　used　the　criterions　27－47　dB　SPL　below
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the　maxh皿urn　recording　Ievel，　depending　on　how　wide　the　bird　had　variations　of
sy11able　amplitudes）．　In　most　cases，　the　syllabies　resulting　f『om　this　method　were
consistent　with　our　subjective　identification　ofsy皿ables　that　were　separated　by認ent
peri。ds．鴨en　separations　were　not　consistent　between　the　so丑ware　and　the　hu㎜
observer，　we　used　the　so丘ware’s　sep　aration　to　preserve　objectivity．　The　song　syllables
were　manuaily　lab　eled　with　letters　ofthe　alphabet　based　on　the　spectro　gram．　The　same
syllable　profile　was　labeled　with　the　same　letter　in　each　subject．　Bengalese　finch　songs
sometimes　include　repetitions　ofthe　same　song　syUables．　Some　ofour　su切ects　had
五xed　numbers　o　f　repetitiorls（e．g．，　two　or　three　times）ofthe　same　syllables．　In　such
cases，　the　repetitions　were　labeled　with　different　symbo正s（i．e．，　b　1，b2），　even　though
they　represented　the　same　pattems．　Bout　ends　were　also　Iabeled　using　alphabetic
symbols．　The　intro　ductory　notes　were　grouped　and　labeled　using　an　alphabetic　symbol．
　　　　　　　Transition　matrices　were　constructed　using　the　alphabetic　sequences，　and　we
calculated　the　transition　probabdhties．　If　a　syllable“a”was　always　followed　by　on．e
spechic　syllable“b”，　the　maxirnum　transition　pro　babihty　o　f　syllable　“a：’　was　l．00．　In
contrast，　if　a　syUab正e“a”was　observed　10tinles，　and　the　syllable　was　fo　llo　wed　by　a
speci且c　syUablel‘‘b”6thnes，　but　by　syHables‘‘c，”‘‘d，”and‘‘e”the　remah1血．g　tirnes，　the
maximum　transition　probabdity　o　f　syllable　“a”was　O．6．
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　　　　　　　Usillg　the　sound　spectrograms，　we　aIso　measured　the　syllable　durations　and　the
silent　intervals　ofsong　sequence　from　the　first　normal　song　bout　ofeach　subject（see
Result∬ection）．　These　data　were　used　to　estab紅sh　the　criterion　fbr　assessment　ofthe
effects　ofthe　light　stimulus（below）．　From　spectrograms　ofthe　test　trials，　we　identified
the　points　ofthe　light　stimulus　onset，　then，　we　assessed　the　effects　ofthe　light　stimulus
丘om　two　angles．　The　one　is“song　temlination”．　The　other　is“subsequent　syUable
　　　’　　　　　サ　　　　17extmctlon　．
Asse∬ment　qブsong　termination　When　a　light　stimulus　onset　was　between　the　onset　of
the　ongoing　synable　and　befbre　the　onset　ofthe　subsequent　synable，　the　st㎞ulus
presentation　was　regarded　as　the　stimulus　presentation　to　the　on－going　syHable，　and　this
on－going　synab正e　was　regarded　as　the　target　sy皿able　in　the　triaL　Then，　when　the　light
stimulus　was　presented　and　a　vo　calization　stopped　withn　300　ms　from　the　o　ffset　ofthe
target　syHable，　this　was　regarded　as　song　termination　induced　by　the　Visual　stimulus
（Fig．2a）．　This　300　ms　ofcriterion　was　decided　by　the　analysis　ofnormal　song
record量ngs（see　Results　section）．
Assessment　ofsubsequent　syllable　extinction　We　recorded　whether　the　subsequent
syllable　was　produced　or　not　after　the　presentation　ofthe　light　stimulus　to　a　target
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syUable．　The　production　o　f　the　subsequent　syilable　provided　direct　evidence；however，
in　cases　of　interruption，　we　used　the　moment　at　which　subsequent　syUable　production
was　expected，　instead　ofthe　actual　pro　duction　ofany　subsequent　syllable．　This　allowed
us　to　assess　the　strength　ofthe　association　between　the　ongo孟ng　and　subsequent
synables．　The　fbUowing　cases　were　regarded　as血stances　ofthe　subsequent　synable
extinction：（1）the　vo　ca血zation　was　not　produced　fbr＞200　ms　after　the　offset　ofthe
target　syllable；（2）the　v・c鋤ati・n　st。PPed，　and　then　the　v・calizati・n　was　res㎜ed
within　200　ms，　however，　any　song　elements　that　were　anticipated　by　the　song　transition
matrices　were　not　produced（Fig．2b）；（2）some　vocalization　was　produced，　but　it　could
not　be　ident茄led　as　any　part　ofa　specific　song　syllable，　and　the　song　sequence　was　not
produced　fbr＞200　rns　after　the　offset　ofthe　target　synable（i・e・，　this　might　be　a　startle
v。calization）．　This　200　ms　ofcriterion　was　decided　based　on　the　normal　s。ng
recordings（see　Results　section）．
　　　　　　　If　the　visual　stilnulus　was　presented　du血g　the　introductory　notes　or　was
presented＞300　ms　after　the　o　ffset　o　f　a　song　syllable　and　no　fUrther　vocalizations　were
produced，　the　trial　was　regarded　as　an　ir・relevant　and　was　excluded　ffom　the　data
analyses．
　　　　　　　There　was　a　possibility　that　songs　would　stop　without　interruptions；therefbre，
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the　visual　sthnuh　were　presented　within　the　first　half　ofthe　average　bout　length　in　each
s呵ect．　Some　Bengalese　finches，　however，　tend　to　produce　a　typical　sequence　oniy
once　or　twice　per　song　bout　and　then　stop　sing孟ng．　In　such　cases，　it　is　difiiicult　to　present
the　visual　st㎞ulus　withhl　the趾st　haE　ofthe　average　song　bout（as　an　extremely
example，　when　a　song　bout　consists　ofA－B－C－D－E－F－end　and　the　bird　s孟ngs　always　like
this，　D，　E　and　F　do　not　include　in‘‘the　first　haHf　ofthe　song　bout”．　Therefbre，　if　we
persist　in“the血st　half’，　we　c　annot　submit　the　visual　stimulus　to　these　syllables．）．　Thus，
fbr　these　bh7ds，　sometimes　the　visual　stin　tuli　were　presented　during　the　second　half　of
the　average　song　bout，　however　the　results　were　a（加sted　to　inco】rporate　the　probabdhty
ofspontaneous　so1ユg　stops　in　ambiguous　cases．　In　such　cases，　when　the・song　was
stoPPed　i血stantaneously　after　the　visual　stimulus　but　a　spontaneous　song　stop　had　been
observed　at　the　target　point　in　the　pre－recordings，　we　did　not　count　as　1，but　rather
added　the　value　that　reduced　the　proportion　ofspontaneous　song　stops　in　pre－recordings
te　the　number　oftimes　that　the　subsequent　syHable　was　not　produced．
Statistたa　l　a刑a！ysis　We　recorded　the　number　o　f　t　i皿1es　that　the“song　terrnination”and
‘‘唐浮b唐?曹浮?獅煤@syllable　extinction”hユeach　syllabIe　pair　these　have　various　transltlon
probabjlities．　We　analyzed　the　relationship　between　transition　probabdity　and‘‘song
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tem血ation”or“subsequent　syUable　extinction’うusing　GLMM（GeneraliZed　Linear
Mixed－effect　Model）．　This　method　was　adopted　to　select　a　better　mode1丘om　two
mode正s　fbr　explain童ng　the　results；one　model　has“transition　probabiHtゾ’as　an
independent鉛ctor，　and　the　other　model　does　not　have　it　to　explain　the　dependent
variable（song　was　terminated　or　not；subsequent　synable　was　produced　or　not）．　To　test
the　models，　we　used　AIC　scores　and　the　result　oflikehhood　ratio　test．　The　effects　of
stimulus　habitu　atio　n　and　differences　in　stimulus　distributio　n　between　the　first　and
second　halves　ofthe　session　were　tested　using　the　same　methods．　Additiona塚we
analyzed　these　tallies　using　Fisher’s　exact　test　when　these　analyses　could　be　used（Le．
the　data　can　be　represented　as　2　x　2　table）．
Res皿lts
ハlonnal　song　recordings
The　silent　intervals　and　syllable　durations　were　measured　by　SASLab丘o　m　the五rst
song　bout　ofeach　bird　after　removing　o　f　vague　and　intermittently　vo　c　alizatio　ns
appeared　in　the　i皿itial　song　sequence（total　number　ofsyr【ables　was　624　fヒom　8
su切ects）．　Based　on　the丘equency　distribution，97％of　silent　intervals　were　less　than
200皿s（average　66ms；S．D．ニ52　ms，　Fig．3a）．　Then　we　measured　the　lengths　from　a
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syllable　offset　to　the　subsequent　syllable　offset　and　99％ofthe　lengths　were　Iess　than
300ms（average　l　31ms；S．D．＝59　ms，　Fig．3b）．　Based　on　these　results，　we　adopted　the
criterion　for　assessment　ofthe　song　termination　and　subsequent　syllable　extinction．
　　　　　　　Although　the　bout　length　differed　among　subj　ects，　the　total　number　ofsong
syllables（excluding　the血troductory　notes）from　30　song　bouts　amounted　to　1142－2622
syllables　per　subject，　with　a　mean　of　1930．9　syllables　per　subject．　Tran、sition　matrices
and　calculated　transition　probabilities　were　created　using　these　data．
50η9’召rm　in　ationsケソligh　tづaash　3虜〃1麗1〃3
A丘er　the　exclu　sion　ofirrelevant　trials，　we　acquired　result　s　from　41－－46　light－flash　trials
per　s呵ect，　fbr　a　total　of348　triaIsJn　many　cases，　vocalization　stopped　within　several
hundredths　of　a　mi田second　after　the　visual　stimulus．　Sing血g　someti】皿es　stoPPed　dur重ng
the　ongoi皿g　syllable．　At　other　times　th、e　stimulus　was　f｛〕llowed　by　one　to　three　song
synables，　but　even　if　singing　resumed，　vocalizations　were　no　t　pro　duced　until　several
hundredths　ofam皿isecond　afヒer　the　song　stopped．　Finany，　in　some　cases，　the　songs
were　not　interrupted　by　the　visual　stimulus．
　　　　　　　We　counted　the　number　o　f　song　terrninations　during　the　flash　trials．　For　birds　8，
19，23，and　25，　almo　st　all　stirnulus　presentat　ions　resulted　in　a　song　stop（＞95％）．　Birds
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16，35，and　52　also　stopped　singing　in　most　trials（＞80％）．　Only　b虻d　49　tended　to
continue　singing　after　the　visual　stinulus，　with　a　probabihty　ofstopping　of56％；
however，　the　song　sy皿ables　were　somet廿nes　conapsed（sounds　faded　out　or　unidentified
sound　was　mingled），　and　larger　intervals　appeared　after　the　visual　stimulus，　even血the
“no－stop”trials．　In　all　birds，　the　total　number　ofthe　song　stops　was　305（88％），　wh、ereas
that　ofno－stops　was　43（12％）．　We　also　counted　spontaneous　song　stops　in　each　target
synable丘om　pre－recordings　ofeach　s呵ect，　and　the　total　number　ofthe　song　stops　was
137（1％），whereas　that　ofno－stops　was　13122（99％）．　Statistical　analyses　showed　a
significant　dif正’erence　between　the　number　o　f　song　stops　and　no－stops（Fisher’s　exact
test：p＜0．001），　indicating　that　the　visual　stimulus　could血tempt　s血g血g　behavior．
　　　　　　　However，　transition　probab盗ty　did　not　relate　to　the　song　termination　based　on
the　result　ofthe　model　test．　To　explain　the　dependent　variable“song　tem血ation”，　there
was　not　different　between　a　mo　del　that　had“transition　probabilitジas　an　independent
factor　and　a　model　that　did　not　has　it（AIC　25135，249．46；1ikeliho　od　ratio　test，）～＝
0．114，df＝1，、ρ＝0．736）．
Habituation　to　the　visual　stimulus
To　assess　the　effect　ofhabituation　to　the　Visual　stimulus，　we　diVided　the　50　flash　trials
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into　halves　and　compared　the　results　between　the　first　25　trials　and　the　second　25　trials
within　individual　birds．　After　removing　inrelevant　trials，　we　statistically　anaIyzed　the
number　of　stops　and　no－stops　during　the　first　25　trials（first　half）and　the　second　25
triaIs（second　halfi　Table　1）．　For　bird　49，　the　number　ofsong　stops　was　greater　than　the
nu血ber　ofno－stops　during　the五rst　25　trials；however，　this　relationship　was　reversed
during　the　second　25　trials．　For　all　other　birds，　although　the　numbers　ofsong　stops　were
considerably　greater　than　the　numbers　ofn．o－stops　in　both　the　first　and　the　second　halves，
the　responses　to　the　visual　stimulus　i皿some　birds　decreased　hl　the　second　25　trials
（birds　49　and　52：0ne－tailed　Fisher’s　exact　test，　p〈0．01）．A　statistical　test　ofpooled　data
from　all　subjects　showed　that　the　difference　between　the　number　o　f　song　stops　and
no－stops　was　better　expIain、ed　by　a　rno　del　that　had　a　factor　oftrial（i．e．，　first　or　second
half　oftriaIs）as　an　independent鉛ctor，　rather　than　a　modeI　that　did　not　have　it
（likeliho　od　ratio　test，／＝24．39，　dfニ1，、ρ＜0．001）．　These　analyses　indicate　that　some
subjects　became　habituated　to　the　visual　stimulus　to　some　extent．
The　subsequent　syl励le・ext〃π伽伽乃8　v細α13伽ぬ5
We　arranged　the　pooled　data　fヒom　all　subjects　into　every　O．10ftransition　probability
（0．40－0．49：n＝20fヒom　4　su可ects，050－059：n＝38　from　6　subjects，0．60－0．69：n零23
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丘om　5　su切ects，0．70－0．79：n＝22丘om　5　subjects，0．80－0．89：n＝37　fヒom　4　su切ects，
0．90－1．00：n＝202丘om　8　subjects）and　calculated　percentages　ofthe　subsequent　syHable
extinction血each　transition　probability．　The　pro　duction　rate　ofthe　subsequent　synable
was　greater　in　O．90－1．00　than　the　other　ranges（Fig．4）．　Theref～）re，　we　tested　whether　the
transition　probab皿ity　related　to　the　subsequent　syUable　extinction　or　not，　using　GLMM．
Amo　del　that　had“transition　probabihtジas　an　independent　factor　couId　explain　the
dependent　variable“subsequent　sy皿able　extinction”better　than　a　model　that　did　not　has
it（AIC　463．12，468．90；likeliho　od　ratio　test，り～＝7．777，　df＝1，p＜0．Ol）．　This　result
showed　a　factor‘‘transition　probabilitゾ’affc）cted　the　result．　Thell，　we　adopted　that　the
90％criterion　as　the　border　of‘‘variable”and‘‘stereotyped”（i．e．　if　a　syllable　had　a　high
transitiol　probabiHty　O．90－LOO，　we　defined　the　relation　ofthe　syffable　and　the
subsequent　synable　as　the‘‘stereotyped　sequence，”whereas　transition　probabihties
smaller　than　O　90．were　defined　as“variable　sequences”）．　The　establisiment　o　f　this
criterion　is　apPropriate，　because　syllables　are　thought　to　be　the　basic　song　unit（Cynx
1990）and　sometimes　transitions　fセom　one　syllable　to　other　sy皿ables　could　be　broken
even　within　the“second－order　song　units”in　norma1　condition．　However　these　groups
。f　s’凾撃撃≠b撃?刀@apPear　t・gether醐gNypercentage，　s・these　canbe　caUed・stere・typed”・
V》「eexamined　difference　hl　the　production　probabUities　f（｝r　the　subsequent　syHable
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between　the　stereotyped　and　variable　sequences．　Although　percentages　ofthe
subsequent　syllable　production　were　varied　in　each　su切ect，　it　was　higher　when　the
visual　stimulus　was　submitted　within　a　stereotyped　sequence　than　within　a　variable
sequence　in　an　su切ects（Table　2）．　A　model　that　contained　the　independent　variable　of
‘‘唐狽?窒?盾狽凾垂?п@or　variable”provided　a　better　explanation　ofthe　dependent　variable（i．e．，
subsequent　synable　extinction）than　did　the　other　model　that　did　not　contained　the
hユdep　endent　variable（AIC，461．01，468．90；hkeHho　od　ratio　test，り～＝9．887，　df・＝1，P＜
0．01）．This　indicates　that　the　production　probability　o　f　the　subsequen、t　syllable　was
signi五cantly　higher　in　the　stereotyped　sequences　than　in　the　variable　sequences・
Additiona取with　the　presentation　ofthe　visual　stimulus，　the　associations　o　f　this　kmd　of
‘‘唐狽?窒?盾狽凾垂?пhsequences　could　be　broken　occasiona狂y　This　suggests　that　the　song
syUables，　rather　than　groups　oftwo　or　more　sy11ables，　were　the　first－order　song　ur丘ts　as
shown　in　Cynx（1990）．
　　　　　　　Because　the　song　bouts　ofbirds　23　and　35　were　relatively　short，　we　a｛ijusted
the　data　ofthese　su切ects　to　remove　the　probability　ofspontaneous　so且g　stops（see
Materiais　and、ll4eth・ds，・A∬θ∬ment（ofsubseqt‘ent　syl励le　PJ’・　ducti・η）・H・wever，面S
operation　did　not　affect　the　results、
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Distribution　qブthe　tim　ing（ゾ5・timulUS　pres　en　ta　tion
Because　habituation　was　observed，　we　tested　the　difference　ofthe　distributions　ofthe
visual　st㎞ulus　presentations　to　stereotyped　and　variable　syUable　pairs　during　the　first
and　second　halves　ofthe　trials．　After　removing　the　irrelevant　trials，　the　visual　stimulus
was　presented　94　tin　Les　in　a　stereotyped　sequence　and　70　times　in　a　variable　sequence　in
the　first　25　trials，　and　was　presented　l　l　4　t廿nes　in　a　stereotyped　sequence　and　70　t辻nes㎞
avariable　sequence　in　the　second　25　trials．　StatisticaI　test　showed　the　numbcrs　ofvisuaI
stimulus　presentation　to　stereotyp　ed　and　variable　conditions　between　the　first　and
second　halves　o　f　trials　were　no　t　significantly　different（two－tailed　Fisher’s　exact　test，p
ニ0．38）．Model　test　also　showed　there　was　no　sig㎡五cant　dif正brence　between　a　model
that　included‘‘triar’as　an　independent　factor（i．e．　the　fヒst　half　or　the　second　haH）and　a
model　that　did　not　include　it（AIC　39．371，38．803；Hkeljhood　ratio　test，）～＝1．433，　df＝
1，p・＝O．23）．　Theref（〕re，　we　cannot　attribute　the　differences　ofthe　results　in　stimulation
duri皿g　variable　a皿d　stereotyped　parts　ofthe　song　to　the　difference　ofthe　st血ulus
distribution．
Case　re）o・ts∵alterations　ofsong　sequenees
The　light　st㎞ulus　not　only　stopped　the　songs，　but　also　altered　the　subsequent　song
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sequences．　In　our　experiment，　because　the　visual　stimulus　was　cued　manually，　it　was
didicult　to　repeatedly　present　the　sthnulus　at　exactly　the　same　time　poi皿t　in　the　song
sequence；theref（〕re，　we　could　not　acquire　result　s　in　sufficient　numbers　to　allow
statistical　analysis．　Thus，　we　describe　these　repeated　presentations　only　as　case　reports，
but　alteration　phenomena　raise　interesting　questions．
　　　　　　　Song　sequence　alteratioI正｝included　the　production　ofunexpected　song　syllables．
In　a　trial　ofbird　l　6，　light　flash　evoked　an　unidentified　sound　production，　then，　on
unexpected　song　sequence　fbllowed　that　sound（Fig．5a，　b）．　This　phenolnenon　had　never
been　observed血pre－record血gs，　although　normal　sequences　that　corresponded　to　this
sequence　were　appeared　80　tirnes．　Bird　35　changed　the　order　ofsong　sequence，　sueh
that　a　sequence　was　preceded　by　a　song　syllable　that　would　normally　app　ear
subsequ　ently（Fig．5c，　d）．　With　the　visual　stimulus　in　the　nearly　same　timi　lg，　we
observed　the　same　sequential　alteration　twice．　In　pre－recordings（910bservations），　this
phenomenon　had　never　been　appeared．　Ano　ther　alteration　type　was　the　skipping　ofsong
syllables．　With　visual　stimulus，　bird　35　skipped　o　ne　song　syIIabIe，　but　Gtherwis　e　he
maintained　the　production　timing　ofsong　syllables　comparab正e　to　that　ofhis　normal
song（Fig．6a，　b）．　In　pre－recordings（in　910bservations），　we　had　never　been　observed
this　altered　sequence．　S　imilarly，　bird　25　skipped　several　song　syllables；however，　he
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resumed　the　song　sequences　afヒer　leaving　an　intcrval　and　who　se　length　was　the　same　as
when　the　bird　did　not　skip　these　song　syllables（Fig，6c，　d）．　This　phenomenon　had　never
been　observed　in　pre－recordings（124　times）．Another　alteration　type　was　stuttertng．　In
the　case　ofbird　49，　the　same　synable　seemed　to　be　repeated，　a正though　it　may　be　that　the
Iatter　half　ofthe　original　subsequ　ent　syllable　was　omitted（Fig．7a，　b）．　However，　this　had
never　been　observed　in　pre－recordings（138　times）．　A　more　obvious　example　is　bird
52who　tried　to　re－generate　one　spoiled　syllable　over　again（Fig．7c，　d）．　This　had　also
never　been　observed　in　pre－recordings（217t㎞es）．　Moreover，　in　bird　49，　the　i血tervals
between　a　specific　syllable　pair　were　extended　by　the　light　stimu藍us（Fig．8a，　b）．　As　a
result，　the　ext　ended　intervaIs　were　observed　3　times　when　the　light　stimuli　were
submitted　at　nearly　the　s　ame　timings．　Therefbre，　we　measured　the　first　I　O　recordings　o　f
the　intervals　between　the　same　syllable　pair丘om　the　normal　song　recordings，　and　tested
the　difference　between　them　and　the　3　altered　intervals　statistically．　The　result　sho　wed
the　intervals　between　the　syllable　pair　aft　er　the　visual　stimulus　were　significantIy　lo　ng
（mean　normal　interval　＝　O．095　s，　mean　extende曲terva1＝0．140　s；two－ta且ed　t－test，　df
＝ll，　t＝6．148，、ρ＜0．001）．　These　types　ofdisturbances　were　never　reported　in　zebra
且nches（Cynx　1990）．
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Ipiscussion
When　a　syUable　was　always　fbllowed　by　a　specific　syUable，　the　association　between
these　two　syllables　tended　to　toIerate　an　interruption　such　as　a　light　flash．　However，
even　these　stereotyped　sequences　could　be　broken　w三th　a　reasonable　probabihty（33％；
Table　2）．　Therefore，　we　think　that　these　syllable　pairs　were　not　the　primary　song　units
but　the　song　synables　that　are　divided　by　s且ent　periods．　The　low　probab油ty　ofbreakage
in　synable　pah画s　within　the　statistical　second－order　song　units　means　that　song　motor
pattems　ofBengaIese五nches　seem　to　reflect　statisticaI　song　structures．
C・mparison　to　other　s・ngbird　species
The　existence　ofsecond－order　song－production　units　inplies　that　the　Bengalese且nch
controls　sequences　fbr　not　only　each　syHable，　but　also　each　syUable－group　As　a　result，
songs　ofBengalese　finches　seem　to　be　relatively　comphcated．　Other　songbird　species
also　sing　comphcated　songs．　For　example，　some　nightingales　know　several　hundred
song　types　and　render　various　combhユations　ofthese　songs　with血ter－song　intervals　of
1－2s．　Night血gale　songs　have　a　hierarchical　structure　that　is　composed　oflevels　ofsong・L
class：song　types，　packages，　a皿d　bouts（Hultsch　and　Todt　1989）・RiebeI　and　Todt（1997）
conducted　a　light－flash　stimulus　experirnent　ustng　the　night血gale．　They　reported　the
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effects　ofvisual　interruption　could　va！y　between　night　and　daytime（nigh面gale　songs
are　more　versatile　at　night　than　dayti：ne）．　They　also　fbund　that　an三nterrupted　song　was
ofヒen　repeated　when　the　nightingale　resumed　the　bout，　however　the　Bengalese　finch　did
not　show　such　behavior．　This　might　be　because　ofthe　differences　in　song　structures
between　the　two　species；anight±ngale　song　bout　is　composed　ofvarious　songs　with
long　silent　intervals，　vvhereas　the　Bengalese　finch　pro　duces　bouts　ofone　idio　syncratic
compIex　song　without　such　int　ervals．　Interestingly，　they　also　reported　the　number　of
elements　following　the　light　interr　lption　differed　among　O　to　3．　This　suggested　that　the
strength　efthe　association　between　song　elements　could　be　not　the　same　also　in
エrightingales，　altho・ugh　their　analysis　metho　ds　differed　somewhat　from　ours．
　　　　　　　Researchers　are　currently　i皿terested　i皿the　European　star正加9（Sturn　us－vulgaris）
because　it　has　complicated　songs　and　may　have　an　abMty　to　recog皿ize　acoustic　patterns
defined　by　a　context－free　gran　unar（Gentner　et　al．2006）．　Starlmg　songs　have　a
hierarchical　structure　that　is　composed　o　f　syllables，　motifs，　and　song　bouts，　and　a　song
appears　as　a　sequence　o　f　changing　motifs（Gentner　2004），　aIthough　starlings　are
Qpen－ended　song　learner　and　are　dissin　［ilar　to　B　engalese丘nches　in　this　point．　Therefbre，
if　the　light－flash　exp　eriment　were　to　be　conducted　in　this　sp　ecies，　info　rmative　results
that　reflect　the　song　structure　may　be　acquired．
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An　interpretation　o．ズsong　sequence　alterations　byソisua∬stimulus
The　present　results　showed　the　visual　st㎞ulus　caused　song　sequence　alterations　that
had　not　been　observed　by　Cynx（1990）（Fig．5，　Fig．6，　Fig．7）．　Although　our　methods
differed　from　those　ofCynx（1990）in　that　we　used　LEDs　and　the　sth皿ulus　did　not　b1血k，
the　differences　in　the　results　might　be　caused　by　the　substantial　difference　between　the
song　behaviors　ofBengalese　finches　and　zebra　fhlches．　To　jLnterpret　the　different　results
between　these　species，　it　may　be　usefUI　to　refer　to　experimen、ts　related　to　auditory
feedback．　Although　the　targeted　sensory　modality　dif正’ers，　these　experh皿ents　can　be
regarded　as　interruptions　of　s元nging　behavior．　Deafen、ed　Bengalese　finch　stuttered　and
skipped　song　syllables　soon　after　the　surgery（Okanoya　and　Yamaguchi　1997；WboIley
and　Rube11997），　whereas　the　songs　ofzebra　fmch　did　not　change　as　quickly（Nordeen
and　Nordeen　l　992）．　Sakata　and　Brainard（2006）reportod　that　altered　auditory　feedback
immediately　elicited　alterations　in　song　sequence　and　timing　in　Bengalese　fmch　songs，
and　these　changes　were　si皿ilar　to　our　observations．　ln　their　stud｝～although　the　song
alterations　were　mahユ1y　contingent　upon　the　altered　auditory　feedback，　some　of　these
might　be　attributed　to　the　startle　responses　caused　by　the　altered　auditory　feedback，　but
not　by　the　auditory　feedback　per　se．　In　the　zebra且nch　study」delayed　auditory」leedback
elicited　increases　in　song　i皿terruptions，　the　repetition　of　introductory　notes，　and　changes
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in　the　starting　places　of　songs（Cynx　and　von　Rad　2001）．　These　song　interruption
studies　and　our　results　may　indicate　a　substantial　difference　between　the　songs　of
Bengalese且nches　and　zebra　finches，　that　is，　relatively　higher　song　sequence　plasticity　is
one　of　the　characteristics　of　Bengalese　f三皿ch　songs，　although　the　Bengalese　fnch　is　a
clo　sed－ended　learner．
Consゴderationsfrom　physiological　studies
Songbirds　have　song　control　syste】ms　located　hl　the　central　nervous　syste】rns（Nottebohm
et　al．1976）．　According　to　anatomic　al　iindings（Wild　1994），　visuaI　inputs　reach　the
nucleus　Uvaefbn皿is　and　there　are　pathways　from　the　nucIeus　to　the　song　nucleus　HVC
and　nucleus　interface　ofthe　nidopaMum（Nlf）．　Under　anesthesia，　the　song　contro　l
nucleus　HVC　has　selective　auditory　responses　to　the　bird’s　own　songs（Margoliash
1983）．Electrophysiological　studies　showed　that　light　flashes　could　evoke　responses　in
the　HVC　ofzebra　finches（Bischof　and　Engelage　1985），　whereas　they　did　not　affect
selective　auditory　responses㎞．　Bengalese　finches（Seki　and　Okanoya　2006）．　Because
the　HVC　is　imphcated　hmot　syllable　production　itself　but　the　pattenl　ofsyllable
sequence（Vu　et　al．1994；Yu　and　Margoliash　1996；Okanoya　2004），　these　f㎞dings　were
consistent　with　our　observations　ofthe　skipping　ofsy皿abie（s）but　maintaining　the
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pattem　ofsyllable　sequence，　when　the　light　flash　was　presented（Fig．6）．　In　these　cases，
the　upper　streams　ofthe　motor　pathway（e．g．，　HVC　and　Nif）might　be　so　robust　that
they　could　not　be　interrupted　easily　and　some　knd　o　f　fヒight　response　or　visual　input
might　af〔’ect　the　lower　motor　contro　l　unit　such　as　the　robust　nucleus　ofthe　arcopaMum
（RA）or　the　hypoglossal　nucleus（WiId　2004）．　This　speculation　is　consistent　with　that
the　examples　o　n　figure　6　were　similar　to　the　results　ofan　electric　al　stimulation
experiment　o　f　RA　in　zebra　finches（Vu　et　aL　1994）．　However，　becau　se　song　sequences
or　tjエr血lgs　ofsy皿able　production　can　be　affected　by　visual　inputs孟n　some　cases（Figs・5，
7），information　pro　cessing　in　the　HVC　might　be　affected　by　light　stimuli．　These　cases
were，1ikewise，　shn鉱ar　to　the　results　of　electrical　HVC　stimulation重n　the　same　study
（Vu　et　al．1994）．　One　ofthe　reasons　fbr　the　combination　ofthese　phenomena　might　be
that　the　B　engalese　finch　has　second－order　song　units　and　performs　sequence　control　on
several　orders．　However，　the　reason　why　such　various　song　alteration　types　were　caused
by　the　visual　intenuptions　rema血s　an　unanswered．
Figure　legends
Figui’e　1．　An　example　of　sound　spectrogram　ofBengalese　finch　songs（subject　no．52）．
The　horセontal　aXis　represents　time　and　the　vertical　axis　represents丘equency　Song
syUables　are　represented　as　alphabetic　symbols（A，　B，　C，）．　A　number　represents　a
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second－order　song　unit．　In　this　example，　the　transition　probabdity　from　A　to　B　is　1．00；
however，　that　f士om　D　to　E　is　O．80｛4［DE］／（1［DA］＋4［DE］）｝．
Figure　2．（a）Schematic　examples　o　f　a　song　termination．（b）Acase　where　the
subsequent　syllable　is　not　produced．
Fig〃re　3．　（a）．　Distribution　ofthe　length　ofs丑ent　interval　and　the　syUable　duration．
（b）．Distribution　ofthe　s且ent　intervaL　These　data　were　sampled丘om　the　first　song　bout
ofthe　normal　song　recordings（684　synables丘om　8　su切ects）．
Figtii’e　4．　Percentage　o　f　subsequent　syUable　production血each　transition　probabm血ty
A　mo　del　has　a　factor　“transition　probabdhtY’　as　an　independent　variable　can　explain　this
result　better　than　a　mode正that　does　not　have　the　factor（Iikelihood　ratio　test，　X2＝7．777，
df＝1，pく0．01）．　See　the　text　in　detaiL
、Figui’e　5．　Examples　ofunexpected　song　sequence　production　as　a　result　ofthe　visual
st㎞ulus．　These　sequences　were　not　observed　in　normal　s。ng　behaviors（69　observations
for　bird　16；135　observations　for　bird　35）．　Normal　song　sequences（a，　c）．　Song
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sequences　altered　by　light　fiashes（b，　d）．　The　horセontal　black　li皿es　at　20田z血dicate
the　presentation　periods　ofthe　light　sth皿ulus。
Figure　6．　Examples　ofmissing　song　syllabIe（s）as　a　result　o　f　the　visual　stimulus．　These
types　o　f　omissions　were　not　observed　in　normal　song　behaviors（91。bservatioms　for
b辻d35；1240bservations］for　bhd　25）．　Norlnal　song　sequences（a，　c）．　Song　sequences
altered　by　light　flashes（b，　d）．　An　arrow　indicates　a　missing　song　syllable（a，　b）．　The
horizontal　black血les　at　20　kHz　indicate　the　presentation　periods　ofthe　light　st㎞ulus．
Dotted　lines　show　the　interva1　o　f　missing　syllables（d）and　normal　song（c）．
Fi，gu”e　7．　Exarnples　ofstutter　as　a　result　ofthe　visual　st㎞ulus．　These　types　ofstutter
were　not　observed　in　normal　song　behaviors（91　observations　for　bird　35；124
0bservations　for　bird　25）．　No㎜al　song　sequences（a，　c）．　A汀ows　show　nomal
production　ofsong　syHab豆es　correspond孟ng　to　each　song　in　the　lower　paneL　Song
sequences　altered　by　hght　flashes（b，　d）．　Arrows　show　stutters．　The　horiZontal　black
lines　at　20　kHz　indicate　the　presentation　periods　ofthe　hght　stimulus．
Figtire　8．　An　example　ofextended　s皿ent　hlterval　as　a　result　ofthe　visual　stimulus．　This
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extension　ofsilent　interval　was　observed　3　times　in　the　same　syllable　pair　when　the
stimuli　were　submitted　at　the　nearly　same　point　and　the　songs　were　not　terminated．　The
lengths　ofthese　intervals　were　significantly　longer　than　the　intervals　ofcorresponding
syUable　pair　in　the　normal　songs．　See　the　text　i皿detail．
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Tab且e　l　Percentages　of　song　stops　as　a　result　of　visual　sth皿ulation　or　habituation：
comparison　of　observations丘om　the　first　25（frrst　halb　and　second　25（second　half）
trials．
】First　half　of　trialsSecond　haif　of　trials
Subject　No．
St叩
％ S重op　　No－stOP
Stop
％ St｛Dp　No－stOP
86935592 AUOAUOO∩U
001
001
86
W3
87332959 02000330 96
V4
c…
X1
X1
nUfJOOO7う⊃ど0
％ηお飢飢P8η
581
TotaE96 156 8 80 149 35
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Table　2　Relationship　between、　the　subsequent　sound　production　and　the　strength　of　the
syllab1e　association．
Variable　sequenceStereotyped　sequence
　　　　　　　　　Production　　　　　　　　　　　　　　　　Production
Subj　ect　n°・％P「°ducti°nExtincti°n％P「°ducti°nExtincti°n
86935592 9045715036426335 21
714
91
20／0／4．
0571462366749566 6
4341530
4
31
7
02
2
21
00蓋U
Tbta董 42 59 81 65 136 72
Pro　ductionl　Number　of血皿es　the　subsequent　syllable　was　produced．
Ext量nction：Number　oftimes　the　subsequent　syllable　was　not　pro　duced．
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Sectionl：
Effects　of　Visual　stimulation　on　the　auditory　respo皿ses　of　the
HVC　song　control　nucleus　in　anesthetized　Bengalese　finches
Abstract
In　songbirds，　the　auditory　neurons　ofthe　telencephalic　song　control　nuclei・especially
those　in　the　high　vocal　center（HVC），　respond　to　the　bird’s　own　song（BOS）seIectively．
Since　songs　are　elicited　by　the　sight　ofconspechic　females　and　interrupted　by　intense
visual　sttmulation，　such　as　strobe　lights，　visual　input　might　mo　dulate　this　auditory
selectivity　This　study　used　acute　electrophysiological　experiments　usj血g　Bengalese
Finches（Lonchura　striata　var．　domesti‘のto　examine　whether　strobe　lights　affect　this
auditory　response．　The　results　showed　that　visual　inputs　did　not　affect　the　neural
activities　in　response　to　the　BOS．　When　the　visuai　stimulus　was　presented　alone，　we　did
n・t・ec・rd　c・mparable　neural　activities　t。　audit・ry　stimuli，　alth・ugh　vague・weak
electrical　P・tential・fluctuati・ns　were・bserved・This・means・that・direct・visual血puts　d・
not　reach　all　HVC　neurons　that　have　B　OS　selectivity，　and　the　effects　ofvisual
inirormation　rnight　be　very　limited　in　the　song　control　system・Aithough　visual
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血formation　should　have　some　relationship　to　singing　behaviors，　such　effects　might　be
mediated　by　indirect　connections　fヒom　the　visual　system　via　unidentified　emotionaI
modules．
Keywords：Bengalese　Finches（Lonchura　striata　var．　domestieの，　Electrophysiolo　gy，
　　　　　　　　　HVC，　Visual　stirnulus
豆ntrod皿ctio皿
Songbirds，」血cluding　Bengalese　Fhlches（、Lonchura　striata　vaL　domesticの，　produce
complex　temporal　sound　patterns　called“songs”．　S　ongs　are　classified　into　two　types　by
their　context　and　the　way　they　are　produced．　Males　sometimes　sing　alo　ne　without　much
motion　and　th、ese　songs　are　caled“undirected　song”．　By　contrast，　when　a　male　faces　an
attractive　female，　the　male　starts　singing，　erects　its　p正umage，　and　dances．　This　type　of
song　is　caHed“d辻ected　song”（Sossinka＆Bohner　1980）．　Therefbre，　directed　songs　are
go　verned　p　artially　by　visual　input（Takahasi　et　aL　2005）．
　　　　　　For　many　songb辻d　species，　songs　have　been　analyzed　by　listening　directly　or　to
acoustical　recordings，　and　by　transfo㎜ming　them　into　spectrograms貴〕r　visual孟nspection．
Using　this　technique，　a　s・ng　can　be　diVided血t・“elements”・r“n・tes”・In面s　way・
s・ng　stmctures　can　be　studied　m・・e・bjectively，　and　s。ngs　are㎞・wn　t・have　temp・ral
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sequences　consist孟ng　of　several　song　elements．　For　example，　Okanoya　discovered　that
the　songs　ofBengalese　Finches　consist　of‘‘chunks”，　which　are　groups　ofsong　elements
fbrHlhlg　a　second－order　song　unit（Honda＆Okanoya　1999）・
　　　　　　Songbirds　have　also　been　the　suhjects　ofneuro－ecological　studies　fbr　over　30
years．　Nottebohm　et　a1．（1976）discovered　that　songbirds　have“a　song　control　system”
in　the　brain．　This　system　consists　ofseveral　telen、cephahc　nuclei．　Under　anesthesia，
neurons　in　some　ofthese　nuclei趾e　only　if　the　bhぜs　own　song（BOS）is　presented　as
audito】〔y　stimuli．　The　high　vocal　center（HVC）has　especiany　strong　BOS　selectivity
（Katz＆Gumey　1981；MargoHash＆Ko皿ishi　1985）．　The　responses　ofHVC　neurons
seem　to　relate　to　the　temporal　pattem　ofsong　sequences．　An　electrica1　stimulation　study
in　Zebra　Finches，　TaeniOpッgia　guttata，（Vu　et　a1．1994）and　lesion　studies　in　Bengalese
Finches（Uno＆Okanoya　l　998；Okanoya　et　aL　2000）support　this　idea．
　　　　　　One　ofthe　behavioral　apProaches　used　to　understand　song　structures　is　to　use　a
visual　stimulus．　In　these　exp　erirnents，　singing　birds　were　exposed　to　strobe　lights　to
observe　when　the　birds　stopped　singing．　This　method　has　been　used　to　identify　the　unit
・fs・ng　Pr・ducti・n血Zebra　F血ches（Cy皿1990；Franz＆G・Uer　2002）・S・me　studies
us加g　Night血gales，　Luscinia’megai伽ch・s（Riebe1＆T・dt　l997）and　v・calizing　d・ves・
Strept・pelia　sp．（ten　Cate＆Ba㎞ゆ1996），　als・identi五ed　the　s・ng・r　c・・unit　by
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observing　when　the　birds　stopped　vocaliZing　in　response　to　light　flashes　at　various
irLtervalS．．
　　　　　　Very　fbw　studies　have　examined　relationships　between　the　song　con、trol　system
and　visual　information．　One　study　showed　anat。mical　evidence　that　the　song　control
system　could　receive　inputs丘om　the　visual　system，　via　the　optic　tectum　to　the　Uva，
then　to　the　HVC　and　nucleus　interfacialis（NIf）（W皿d　1994）．　Furthermore，　a
physiological　study　showed　that　light　flashes　triggered　an　evoked　electrical　potential　in
the　HVC　in　anesthetized　Zebra　Finches；the　a：nplitudes　ofthe　visually　evo　ked　petential
waves　were　smaller　than　the　auditory　responses，　and　the　wavef（〕rms　were　not　always
stable（Bischof＆Engelage　l　985）．
　　　　　　Based　on　these　studies，　we　conducted　acute　electrophysio　logical　experiments　in
Bengalese　Finches　to　exarnine　whether　visua1元nput　affects　the　HVC　while　it　is
pro　cessing　auditory　i皿fo　rmation．　This　might　clarifシthe　hierarchical　stmcture　o　f　the
song　in　this　species．　We　subjected　anesthetiZed　subj　ects　to　light　flashes　while　recording
neural　activities　in　response　to　the　BOS　in　the　HVC．　If　visual　input　reaches　the　HVC
d丘ectly，　it　c・uld・affect・audit・ry　pr。cessing　there・We　hyp・thesiZed　that　the　effects・f
hght且ashes　dur血g　the　str・nglyb・nded　s・ng　elements（血side　a　chunk）w・uld　be
relatively　smaU，　whereas　the　effects　would　be　larger　when　the　visual　stimuli　were
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presented　outside　a　song　chunk．　Such　results　could　clarifシthe　existence　ofthe
representation　ofsecond－order　unit　of　songs　hl　neurons・
　　　　　　In　addition，　because　behavioral　observations　show　that　some　visual　information
affects　singing　behaviors（e．9．，　directed　songs　are　elicited　on　seeing　other　i血dividuals，
strobe　lights　can　interrupt　singi皿g　behaviors，　and　social㎞teraction　is　important　fc）r　song
learn血g（Bo］［huis　et　al．1999）），　such　inputs　should　reach　the　song　control　system、．　This
study　might　provide　insights　into　the　neural　substrates　that　cause　these　phenomena．
Materials　aHd　Methods
　　　　　　　1）　Subjects
　　　　　　The　suわlects　were　six　adult　male　Bengalese　FinchLes　kept　atα曲a　U雛vers量卑
　　　　　　　2りApparatus
　　　　　　To　record　neural　activity，　we　used　a　CED　1401Micro　and　a響難ca重茎o韮so嚢wac
Spike2（Cambridge　Electronic　Design，　C　ambridge，　UK），　a韮ex重ra－ce勘圭…疑騨濾er
（Neurodata　ER98，　Cygnus　Technology，　PA，　U　SA），　a　stereo捻x至c　deViee，　3
micro－positioner（Model　640，　David　Kopf　Instruments，　CA，　U　S盛｝、謎蓬雛耀建織
parylene－c・ated　electr・des（5M＃57340，02M＃573200，　A－M　Systems・　WA・USA）・r
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coaxial　electrodes（IMB－65021nter　Medical，　Tokyo，　Japan）．　Recordings　were　made　at
丘equencies　fヒom　100　Hz　to　10kHz　using　a　f皿ter　on　the　ER98．　All　neural　activity
recordings　were　rnade　in　a　sound－attenuated，　electromagnetically　shielded　box（SC－2，
Music　Cabin，　Kawasaki，　Japan）．　During　the　experiment，　the　room　hght　was　tumed　off
and　the　background　noise　was　about　22dB．
　　　　　　The　visual　stimuli　were　pro　duced　using　a　super－bright　hght－emitting　diode（LED
White　N　SPW500BS　3．6V　9200mcd　N　ichia，　To㎞shima，　Japan）and　an　optic　fiber（Eska
CK60E　Mitsubishi　Rayon，　Tokyo，　Japan）．　A　voltage　of3．6　generated　by　the
CED1401Micro　was　sent　to　the　LED　and　the　resulting　light　was　transmitted　alofig　five
bound　optical五bers．　The　end　ofthe五bers　was　fixed正cm　f士om　the　eye　contralateral　to
the　recording　hemisphere血the　su切ects・
　　　　　　Befbre　the　physio　lo　gical　experirnents，　songs　were　recorded，　with　a　micrGphone
and　personal　computer　with　application　software（Avisoft　SASLab　pre｝登er甑
Gerrnany）at　a　sampIing丘equency　of44．　I　Mz　in　a　sound－attenuated　reem　Thes号sGヨgs
were　saved　as．wav　files，　and　then　used　for　so　ng　analyses　and　as　e茎ectsgpkys圭c　lcgical
stimuli．
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　　　　　　3）　Song　analyses
　　　　　　Songs　were　visualized　as　sound　spectrograms　using　SASLab．　From　the
spectrograms，　each　sound　separated　by　silent　periods　was　identified　as　a　song　element．
These　song　elements　were　labeled　with　letters　o　f　the　alphabet　maエ1uaIly．　For　each　bird，
if　two　elements　were　regarded　as　identical，　based　on　their　forrn，　they　were　assigned　the
same　letter．　In　this　way，　songs　could　be　represented　as　strings　ofletters．
　　　　　　Fro　m　these　strings，　element　transition　probabilities　were　calculated．　Whenever
an　element　was　followed　by　one　specific　element　in　the　strings，　the　transition
probability　between　these　two　elements　wL≠刀@l．00．　Conversely，　if　the　fbHowing　element
was　not　fixed，　the　elemen、t　transition　probabdity　was　the　appearance　rate　ofthat
combination　versus　all　other　fo皿owing　elements　in　all　strings・
　　　　　　　の5勧〃〃
　　　　　　Songs　were　transformed丘om．wav租es血to　the　file　format　used　in　Spike2．　For
each　sψlect，　seven　types　ofstimuli　were　prepared．　Two　ofthese　were　auditory　stimuli：
the　bird’s　own　song（BOS）and　the　BOS　reversed（REV）．　Three　were“BOS＋Visual
St㎞”，　which　were　combinations　ofthe　BOS　as　the　auditory　stimulus　and　a　strobe　fiash
as　a　Visual　stimulus：a50－ms－long　strobe　f【ash　was　presented　between　song　e重ements
92
　　　　　　　　　　　　　　　　　　　　　　Ch　ap’e’・3’Seetion　l
レ7S　UA、乙　！1」～Z）　1望こ刀D∫7て）1～y　RESPONSE　．tハr．Hレ「C
while　playing　the　B　O　S．　The　timings　ofthe　visual　stimuli　were　based　on　the　different
element　transition　probabilities　fヒom　the　song　analyses．　The　other　two　st㎞uh　were　the
strobe　light　alone　and　the　control（nothng　presented）．　A皿sound　modiiications　were
made　using　SASLab．　All　acoustical　stinuli　were　a（ijusted　to　a　maximum　sound　pressure，
to　60－70　dB　at　the　bird’s　ear．
　　　　　　Stinuli　were　presented　in　the　same　order　repeatedly　to　all　subjects（1．　BOS＋
VisualStim1；2．　B　OS＋Visua1Stim2；3．　REV；　4．　contro1；5．　BOS＋Visua1Stim3；
6．BOS　only；7．1ight　flash　only）．　One　trial　consisted　ofthese　seven　types　ofstimuli．
Twenty　trials　were　conducted　for　each　recording　site．　The　inter－st㎞ulus　intervals　were
rε皿domiZed　to　be　withn　1．O－1．8　ms．
　　　　　　　5）s「曜9岬
　　　　　　The　su切ects　were　deeply　anesthetized　with　O．2　mi　of　10％urethane（辻Ljected　as
several　doses　of30－50　pl　at　approXimately　20－m孟n　intervals）．　The　birds　were　then　fixed
on　the　stereotaxic　device　us血g　ear－bars　and　a　beak－holder　that　held　the　beak　tip　at　an
angle　of45°down　fヒom　the　horizontal　plane．　Then，　we　put　Xyio　cahle　gel　on　the
su切ect’s　head　and　remo　ved　the　feathers　and　skin．　A　custom－made　3－point痘xation
device　（Narishige，　T。ky・，　Ja脚）was　attached　t。　the　r・st・al卿・fthe　skU11　surface
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using　dental　cement．　Small　ho　les　were　then　opened　in　the　skull　just　above　the　HVC（2，0
㎜lateralto　and　O．5　mm　anterior丘om　the　bifUrcation　of　the　mid－sagittal　s血us），　the
dura　was　removed，　and　an　electrode　was血serted．　Before　makmg　the　physi。logical
recordings，　the　ear－bars　were　removed．
　　　　　　After　makng　recordings　in　the　HVC，　to　ensure　that　the　visual　stimuli　reached
the　central　nerv・us　system，　the　neural　activities’撃窒?唐吹Ense　t・visual　stimuh　were
recorded　in　the　nucleus　rotundus（Rt），　which　is　part　ofth．e　visual　system（Hodos＆
Ka宜en　1966；Schmidt＆Bischof2001），血three　birds．　The　surgical　area　was　1．8　mm
lateral　to　and　2．0　mm　anterior　from　the　bifurcation　ofthe加d－sagittal　s血us，　and　the
operations　were　performed　in　the　same　manner　as　for　the　HVC．
　　　　　　After　recording　the　neural　activities，　the　su切ects　were　sacrificed　with　O．12ml　o　f
Nembutal　and　were　perfUsed　with　salme…md　paraforrnaldehyde　to　prepare　brain　slice
speclmens・
　　　　　　　の・4nalysis
　　　　　　Multi－unit　neural　activities　were　recorded　as　wavefbrms　with　Spike2．　A丘er　the
experiments，　the　acquired　data　were　analyzed　us血g　the　same　s・且ware・When　a　p・tentia璽
difference　was　generated，　and　it　exceeded　the　threshold　setup　fbr　detecting　auditory
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responses　adequately，　it　was　counted　as　neural　activity．　Then，　PSTHs（peri－stimulus
time　histograms）and　raster　data（8－rns　bhls）were　made　fヒom　these　counts　f（）r　each
recording　site．　To　evaluate　BOS　selectivity　versus　REV，　we　calculated♂as　a
psychophysical　measure（Green＆Swets　1966）as　f（〕llows：
　　　　　　d・。．B－2（RS，－RS，　　，　　　　　　　，）
　　　　　　　　　　　　　　σA　十σB
The　value　of　d’was　used　as　index　of　the　signal　detection　theoryl　The　theory　is　useful　to
exam．ine　the　degree　of　selectivity　be七ween　signal　and　noise　by　subまects，　in　this　case，
neuron、s．　The　index　is　a　l〕e批er　way七〇consider　BOS　selectivity　of　the　son、g　control　nuclei．
Here，　RS　is　the“Response　Strength”，　which　is七he　difference　between　the　fUingエate　of
spikes　wi七h　a　s七imulus　and　the　spontaneous丘ring　ra七e　andσ2　is　the　variance　of　each
mean　RS（Solis＆Doupe　1997）．　dBos　vsREv　was　calculated　from　the　raster　data，　and　if
the　value　exceede（11．00，　we　considered　significant　BOS　selec七ivity　to　exist　at七he
recording　site（Theunissen＆Doupe　1998）；it　was　identified　as　BOS－seleetive　neural
activity　inside　the　nucleus　HVC．
　　　　　　The　effects　ofvisual　stimuli　on　auditory　responses　were　also　exa血ed　using　d
for　each　conditien　versus　BOS　for　200　ms　fro皿the　visual　stimuli　onsets（BOS＋
VisualStim1　vs．　BOS；BOS＋VisualStirn2　vs．　BOS；BOS＋VisuaiStirn3　vs．　BOS）．
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Results
　　　　　　　1）　Song　recording
　　　　　　A　sufiicient　number　of　songs　were　recorded　f士om　all　subj　ects（each　elemellt
apPeared　at　least　21　t㎞es　i皿the　recorded　songs：average　53．6　times），　and　the　i06ert
timings　ofthe　visua正stimulus　to　the　BOS　were　decided　from　these　records．　Because　3
types　of‘‘BOS＋VisualSt㎞”were　prepared　fbr　each　6　birds，　the　total　number　of
auditory－visual　combination　stimuli　became　l　8（6×3）．　As　the　result，　for　each　subject，
the　transitio皿probab血ties　between　song　elements　to　which　light　flashes　were　inserted
were　fbllowing：　Bixdl：LOO，0．48，0．95．　Bird2：0．71，1．00，0，67．　Bird3：1．00，1．00，
0．61．」Bか44：0．42，1．00，0．75．Bi，・d5：1．00，0．61，1．00．、Bird6；1．OO，0．17，0．33．
　　　　　　2）ハieural・actiりities’n　th召visual　system伽the・nueleus・r・伽dus）
　　　　　There　were　very　strong　responses　to　hght　flashes　hl　the　nucleus　rotundus　in　three
su切ects（Fig．1）．　This　ensured　that　the　experirnental　system　wo　rked　well　and　the　visual
inputs　reached　the　central　nervous　system　although　the　strobe　lights　were　presented
over　the　eyeHds　to　a皿esthett乙ed　a工血皿als・
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　　　　　　Based　on　the　criterion　dBos　vs．REy＞1．00，53　recording　sites　in　the　HVC丘om　sbく
Bengalese　Finches　were　regarded　as　BOS　selective（maxinユum　10．43，　mi血tum　1．02，
average　2．43，　Fig．2upper　and　middle）．　The　records　f士om　these　sites　were　used　as　data
for　all　the　fb　llo　wing　analyses．
　　　　　　　の・Effe‘鱈ψ’5麗α’stimuli　on　auditOi　），　respons召s　to・the　BOS
　　　　　　The　effects　ofa　visual　stimulus　on　the　auditory　response　to　the　B　OS　were
considered　fbr　three　types　of‘‘BOS＋VisualStim”（Fig．3）．　Since　the　stimuli　were
presented　in　the　same　order　in　all　sessions，　order　effects　were　observed　in　the　response
strength　to　the　part　ofthe　three　types　ofst辻nuli　containing　the　BOS　itself　Statistical
analysis　ofdBos＋vis‘，atstin置vs．　Bos　for　200　ms　before　the　visual　stimulus　onset　showed　that
the　difference　was　sigrxificant（F（2）＝4．88，　p＜o．010ne－way　ANovA），　although　the
stimuli　for　these　parts　were　exactly　the　s　ame．　Therefore，　to　examine　the　effects　ofVisual
stimuli　while　pro　cessing　auditory　inflo　rmatio　n，　we　comp　ared　the　valu　es　o　f　dBos＋vist，aistim
vs．Bos　before　st血ulus　onset　with　the　200－ms　period　after　the　onset・Ifno　effects　derived
from　Visual　stimuli　exist，　there　should　be　no　difference　between　before　and　after　the
st㎞uli．　The　statistical　analysis　showed　that　the　difference　was　not　signficant（Fig．4．
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BOS＋VisualSt㎞1：tニL22，　P認0．23，　BOS＋VisualSti2：t＝0．13，　P＝0．90，　BOS＋
VisualStim3：t需0．16，　P＝O．87，　two－tailed　t－test）．
　　　　　　Then，　we　examined　the　effects　ofthe　visual　stimulus　timing，　according　to　the
eIement　transition　probability．　For　convenience，　the　transition　probabilities　were
cat　egorized　into　three　levels（1．00；0．95－0，65；＜0．65）．　Then，　dBos＋　yisI‘a，stini　i、s．Bos　fヒOm　all
the　su切ects　was　analyzed　ushlg　two－way　ANOVA；these　probab亜ty　levels　and　the
stimulus　submission　order　were　set　as　factors．　This　analysis　fbund　no　relationship
between　the　transition　probab丑ity　and　visual　stimulus　effects（F（2，2）＝0．79，　P＝0．46），
although　the　submission　order　effect　was　sign血cant（F（2，2）＝644，　P＜0．Ol）．　Th、erefbre，
the　visual　st㎞ulus　had　no　efifect，　regardless　of　stimulus　timin9・
　　　　　　In　addition，　after　removing　the　order　effects　fro皿・the　values　ofd、Bos＋vis1ta’stirl1
，、s，Bos，atest　ofthe　populatioII　mean　was　attempted．　The　nul　hypothesis　that　the　values
ofd1Bos÷visualstim．s，Bos　were　zero　was　not　rejected（t＝1．14，　P＝0．25，　two－tailed　t－test）．
Therefbre，　the　visual　stimuli　did　not　mo　diSly　the　BOS－selective　neural　activity．
　　　　　　　5）　Resp・nses・t・visual・stimuli・in　the　HVC
　　　　　　For　the　recording　sites，　the　visual　stimulus　alone　did　not　seem　to　ehcit　electricaI
且uctuations　over　the　threshold　level　necessary　to　detect　auditory　responses　adequately
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（Fig．210wer）．　This　result　implied　that　there　was　no　visual孟nput　in　the　HVC，　at　least　at　a
level　comparable　to　the　auditory　responses　to　the　BOS．
　　　　　　However，　when　the　threshold　level　was　reduced，　some　vague，　weak　visual　neural
activity　was　observed　in　the　HVC．　When　the　threshold　was　lowered　markedly，加nor
subtle　visual　responses　were　found　in　the　PSTHs（Fig．5）．　The　statistical　analyses　of
dvis，ta，s，，n，　vS．C。舶．。，　f虻orn　these　data　showed　that　there　were　significant　differences　between、
the　visual　stimuli　and　control　conditions　in　some　sessions（17／53　sessions　from　5／6
sψjects，　P〈0．05，　t－test）．　In　the　PSTHs，　the　peak　latency　was　not　always　the　same　and
the　peaks　were　not　clear．　These　resu正ts　might　be　consistent　with　Bischofand　Engelage
（1985），who　showed　that　the　visual　evoked　potential　was　smaner　than　the　auditory　one，
and　that　these　waveforms　were　not　always　the　s　ame．
Discussion
Our　results　clearly　co皿（imLed　that　HVC　neurons　respond　to　the　BOS・Auditory　inputs　to
the　anesthetiZed　birds　strongly　activated　neurons　in　the　HVC．　In　addition，　we　confirrned
that　the　visual　system（the　nucleus　rotundus）responded　to　the　LED　light．　However，　in
this　study，　n・・str・be　light　effect”，　in　which　the　str・be　light　disrupted・r血tempted
on－going　singing，　apPeared　in　the　neural　activities　during　auditory　info】㎜ation
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pro　cessing　in　the　HVC．　HVC　neur。ns　were　not　affected　by　visual　interruption，　whereas
they　were　activated　by　auditory　input．　Previous　experiment　s　clearly　showed　that
strobe－stimulated　birds　stop　singing（Cynx　1990；ten　Cate＆BaUin両n　1996；Riebe1＆
Todt　l　997；Franz＆Goller　2002）．　In　these　cases，　it　is　possible　that　some　changes
occurred　in　the　song　control　system．　Therefbre，　in　conscious　birds，　neurons　in　the　song
control　system　might　receive　startle　signals　fヒom　some　part　ofthe　nervous　syste叫while
in　anesthetiZed　birds，　as　in　this　study，　the　neuro　ns　might　n。t　receive　such　information
because　the　anesthetic　turns　off　the“emotiona1”modules．　Ofcourse，　these　light　flash
experiments　revealed　song　Production，　not　auditory　processh19，　and　the　auditory
response　carmot　be　regarded　as　song　Production・
　　　　　　It　has　been　known　that　HVC　neurons　could　be　classified　i血to　several　types，　X
projection，　RA　projection，　and　intemeurons，　by　their　various　properties（Dutar　et　aL
l998）．　We　did　not　confirm　whether　the　neurons　we　had　recorded　be　classified　i皿to
which　type．　Although　each　type　ofneurons　responded　to　BOS　as　auditory　stimulus
（Mooney　2000），　RA　projection　neurons　contribute　song　production　directly．
Consider血g　behavioral　experh皿ents　as　described，　possibly，　visual　response　might　reach
at　the　motor　side　ofthe　nucleus　more　effective．　Even　if　that　may　be　the　case，　we　can　be
sure　that　neurons　with　strong　BOS　selectiVity　were　not　affected　by　light　flashes　in　the
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present　experirnental　condition．　What　happens　in　the　nervous　system　when　s元nging　birds
are　frightened　wM　be　revealed　in　electrophysiolo　gical　recordings　with丘eely　mov隻ng，
COnSCiOUS　animalS．
　　　　　　This　speculation　suggests，　however，　that　visual　stimuli　reach　the　song　contro三
system　indirectly．　This　is　consistent　with　an　anatomical　study　ofZebra　Finches，　which
showed　that　the　song　control　system　has　indirect　projections　fヒom　the　medial　preoptic
nucleus（P　OM）that　might　regulate　sexuaUy　mo　tivated　song（Riters＆Alger　2004）．
Although　the　POM　is　not　part　ofthe　song　control　system，　it　projects　to　the　GCt（griseum
centrale）ofthe　tectu叫the　VTA（ventral　tegmental　area），　and　the　LoC（locus　coemleus），
which　connect　to　several　song　nuclei．　S　ince　male　songbirds　start　singing　when　they　see
attractive　females，　visual　information　clearly　has　an　important　role血relation　to　s。ng
h立tiation．　Therefore，　it　is　inportant　to　understand　the　connection　between　the　visual
system　and　the　song　controI　system・
　　　　　　In　this　study，　some　responses　to　visual　stimuli　were　observed　in　the　HVC，
alth・ugh　they　were　ve騨eak　andΨague・This　might　result　fr・m　c・㎜ecti・ns　f「・m　the
Uva，　confirmed　previously（Wid　l　994）．　However，　the　effects　o　f　strobe　lights　were　not
so　large　as　to元nterfヒre　with　activities　in　response　to　the　BOS　in　HVC　neurons．
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　　　　　We　also　fbund　that　the　auditory　responses　ofHVC　neurons　could　not　be
disturbed　very　easily．　Once　the　process　starts，　it　might　be　unstoPPable　as　long　as
auditory　input　conti血ues，　especia且y　in　the　case　of㎞portant　input　fbr㎞dividuals　hke
the　B　O　S．　Auditory　feedback　is　very㎞portant　fbr　normal　song　production血adult
Bengalese　Finches（Okanoya＆Yarnaguchi　1997；Wo　o　Uey＆Rube11997，2002）．
Consistent　with　this　fact，　this　robustness　and　sensitivity　fbr　auditory　input　in　the　HVC
might　support　the　importance　o　f　auditory　input　in　song　control．
　　　　　　The　relationships　between　the　song　control　system　and　auditory　inputs　have　been
investigated　in　detail（Vates　et　al．1996），　while　tho　se　with　o　ther　sensory　modalities　have
not．　An　anatomical　study　reported　that　somatosensory　inputs　had　a　number　of
connections　to　the　song　control　system（W丑d　l　999）．　Therefbre，　understanding　the
fUnctional　roles　o　f　these　pathways　remains　an　import　ant　question．　In　the　fUture，　this　will
be　investigated　using　neuro－ecological　approaches，　especiaHy　with　combined　behavioral
and　electrophysioIo　gical　experiments・
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Figure　Legends
Fig．　L　　Visual　responses　in　the　nucleus　rotundus（bin　size＝5ms）・A50－ms－long
strobe　flash　was　presented　at　1．00　s．　Bursts　ofneural　activity　were　observed．
Fig．2．　UpPer：Raster　data　and　PSTH（bin　size＝8ms）of　typical　responses　to　the
BOS　in　the　HVC．　Middle：Responses　to　the　reversed　song．　Auditory　stimuli　were
presented　fヒom　1．00　to　4．22　s（the　bars　represent　these　stimulus　periods）．　Comparipg　the
upper　and　middle　graphs，　BOS　selectivity　is　clearly　shown．　Lower：Responses　to　light
flashes，　with　50－ms－long　strobe　flashes　presented　at　1．00　s（the　triangle　represents　the
visuaI　stimulus　onset）．　The　threshold　level　is　the　same　as　in　the　upper　two　analyses．　No
responses　to　visual　stinuli　were　observed．
Fig．3．　Responses　to　the　BOS　and　strobe　light（bin　size　＝・　8　ms）with　50－ms－10ng　light
flashes　at　1．60　s（upper），2．00　s（middle），　and　2．59　s（lower＞No　effects　of　the　strobe
hghts　were　observed．
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Fig．4．　Differences　in　n・eural　activity　befo　re　and　after　the　strobe　flash　These　are　the
values　ofd　for　each　BOS＋Visua互S廿m　condition　versus　BOS　condition．　No　effects　of
the　strobe　hght　on　the　neural　response　to　the　BOS　were　observed（BOS＋VisualStiml：
t＝・122，P＝0．23，　BOS＋VisualStim2：t＝0．13，　P＝0．90，　BOS＋VisualSt丘n3：tニ0．16，
P＝0．87，two・tailed七一七est）．　Only　the　order　effect　of　stimulus　presentation　was　significant．
Fig．5．　An　example　o　f　visual　responses　in　the　HVC（bin　width　＝　8　ms）．　In　some　cases，
the　threshold　level　was　lowered　markedly　to　count　electrical　fluctuations，　and　vague
responses　were　detected　in　the　HVC．　Stimuli　were　presented　at　1．00　s．
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Section　2：
Functional　evidence　for　internal　feedback　in　the　songbird
brain　nucleus　HVC
Abstract
The　song　control　system　ofsongbirds　consists　mainly　ofthe　“motor　pathwaY’　and
“anterior　fbrebrain　pathwaジ．　The　medial　magnocenular　nucleus　ofthe　anterior
nidopaHium（mMAN）projects　to　the　song　control　nucleus　HVC　which　is　the　point　of
divergen、ce　ofthe　two　pathways．　We　made　simultaneous　multi－unit　electrophysiological
recordings　from　the　mMAN　and　HVC　in　anesthetiZed　Bengalese　finches．　We　con㎞ed
that　mlN4AN　neurons　responded　selectively　to　the　bird’s　own　song　and　fbund　temporal
correlations　between　song－related　activities　ofthe　rnMAN　and　HVC　neurons．　The
temporaI　relationship　between　the　neural　activation　ofthe　HVC　and　mMAN　suggests
that　these　nuclei　are　parts　ofaclosed　loop，　which　could　provide　internal　feedback　to　the
HVC　fbr　sequential　syHable　control．
Keywords：songbirds，　birdsong，　mMAN，　cross－correlation
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1且troduction
In　many　sollgbird　species　including　B　engalese　finches（Lonchura　striata　var．
domesticの，　male　birds　learn　songs　as　juveniles　from　tutors　in　social　relationships．　Song
Ieami皿g　and　production　are　controlled　by　the　song　control　system（Nottebohm　et　al．
1976）．This　system　consists　of　two　main　pathways：the“motor　pathwaジand“an．terior
fbrebrain　pathway．”The　HVC（used　as　a　proper　name）is　an　important　song　nucleus
because　it　is　located　upstream　in　the　systeln　and　is　the　divergence　point　of　the　two
pathways．　The　medial　magnocellular　nucleug　of　the　anterior　nidopallium（mMAN）is
also　considered　to　be　a　song　nucleus　but　this　nucleus　is　not　included　in　the　two　main
pathways．　However，　the　mMAN　apparently　has　important　roles　in　song　learning，　based
on　the　fmding　that　mMAN　lesions　impa丘ed　nomlal　song　Iearn血g（Foster　and　Bo両er，
2001）．Moreover，　anatomlcal　studies　have　show皿mMAN－HVC　and　robustロucleus　of
arcopallium（RA）一一nucleus　dorsomedialis　posterior　thalami（DMP）－mMAN　projection、s
（Nottebohm　et　al　1982，　Bo両er　et　al，1989，　Fortune　et　a1．1995，　Vates　et　al．1997，　Foster
et　al．1997，　Foster　and　Bottjer　l998）．　The　DMP－mMAN　projection　might　re正ate　to
bilateral　coordination（Sc1皿nidt　et　al．2004）．　In　addition，　a　recent　study　suggested　that
Area　X　projects　to　the　m　MAN　via　the　DMP　and　that　the　neural　signals　fro　m　Area　X　are
indirectly　transmitted　to　the　HVC（Kubikova　et　a　l．2007）．
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　　　　　　　To　investigate　the　fUnctional　role　of　the　mMAN，　we　attempted　to　record
multi－unit　neural　activity　in　the　mMAN　of　anesthetized　male　Bengalese　f血ches　and
examined　the　auditory　responses　to　the　bird’s　own　song（BOS）．　In　addition，　we
examined　the　temporal　correlation　between　the　neural　activities　in　the　mMAN　and　HVC
with　shnultaneous　recordings量n　these　nuclei．
Materials　a皿d　Methods
Subjects
The　subjects　were　20　adult　Bengalese　fUich　ma1サs（ages：1－2　years）．　These　birds　were
kept　in　an　aviary　at　the　Laboratory　for　Biolinguistics，　RIKEN－BSL　The　aviary　was
maintained　at　a　temperature　of　about　26°C　and　a　humidity　of　about　60％，　Birds　could
take　grain　and　wat　er　with　added　vitamins　ad　libitum．
St舳uli
Songs　from　each　bird　were　recorded　at　44．1　kHz　in　a　sound－attenuated　chamber　using　a
microphone（Son）～ECM－MS907），　personal　computer，　and　so且ware　program（Aviso丘
Bioacoustics，　SASLab　Pro）within　l　week　bef（〕re　the　experiments．　The　song　was　then
cut　hlto　a　typical　po貢ion（0．8－2．5　s｝and　converted　to　a　Windows　PCM猛le（．wav
112
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ch　apter3’Section2
TEMI｝0ノヒ！IL　　COR．REL／望ヱア0／V　o17　／｝FEし［R！iLL　．～i｛C”〕ン7T】if　BETPVE］Eノ〉　ノゴrp！C　ノ望NL）　、MMA／V「
fbrmat；20　kHz）．　The　song　was　used　as　an　auditory　stimulus（BOS）and　the　reversed
song　was　used　as　another　stimulus（REV）fbr　each　b辻d．　Stimuli　were　submitted　using
CED　l401血cro　and　Spike2　version　4（Cambridge　Electronic　Design　Limited）after
band－path　filter血g　at　100－10kHz（NF　Electronic　Instruments，3611；Frequency　Devices，
900），and　the　stilnuli　were　monitored　using　spectrograms　on　Spike2．　One　session
consisted　of　3（BOS，　RE「V，　no　st㎞ulus）x40　trials．　Each　stimu　lu　s　was　presented　in
random　order，　and　the　inter－stimulus　intervals　were　randomized　to　be　1，0－1．8　s．　The
maxtmum　sound　amp　litude　o　f　the　stimuli　was　about　70　dB　SPL　at　the　birds’　head．
Surgeηy
The　subjects　were　deeply　a血esthetized　with　10％Urethan（2．O　mi）and　fixed　on　a
stereotaxic　device（David　Kopf　Instruments，　Model　955）．　The　head　was　fixed　with　ear
bars，　and　the　beak　tip　was正owered　to　45°fセom　the　ho血ontal　plane　and　fixed．　The　head
sk血was　removed，　and　the　skUll　was　opened　just　above　the　mMAN　（5・1　rnm　anterior　to
the　midsagittal　sinus　bifUrcation　and　O．3－0．5　mm　latera1　to　the　midsagittal　sinus）and
HVC（0．5㎜anteri。r　to　the　midsagittal　sinus　bifUrcation　and　1．8　mm　lateral　to　the
m量dsagittal　sinus）．　The　bird’s　head　was　fixed　at　that　point　with　a　three－point　fixed
device（Narishige）us量ng　dental　cement，　and　the　ear　bars　were　removed．　Then
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parylene－C－insulated　tungsten　electrodes（A－M　system，＃573200）were　lowered，　and
selective　auditory　responses　ofthe　nuclei　were　sought．
Elect”・ρhysiological　reeoi伽9
The　signals　were　amplified　and　100－to　l　O－kHz　band－path　filtered（Cygnus　Technology，
Model　ER．－91，　ER－98；WPI，　DAM80；NF　EIectronic　Instruments，3315），　and
CED　1401micro　and　Spike2　were　used　fbr　data　acquisition　and　processhlg．　An　adequate
threshold　was　established　in　each　recordi皿g，　and　when　the　electrical　fヒactionation　ofthe
wavefbrms　exceeded　the　threshold，　it　was　recorded　as　a　wavemark　with　Spike2．　These
wavemarks　were　processed　using　original　scripts　and　transfbrmed　to　raster　data　and
peri－stimulus　time　histograms（PSTHs），　and　the　temporal　cross－correlation　ofthe　neural
activities　ofthe　mMAN　and　the　HVC　were　examined　ushlg　Spike2．
　　　　　　A丘er　record加g，　the　recordhユg　sites　were　marked　by　smaU　lesions　made　with　a
lO－pA　current　for　20　s（Nihon　Kohden，　SEN－3301　and　SS－104J；WPI　DS8000　and
DLS－100）．　After　the　experiments，　all　ofthe　su切ects　were　deeply　anesthetized　with　20％
Nembuta1（0．8　ml）and　perfused　with　40　ml　ofO．1Mphosphate－buffered　O．9％saline
and　40　mi　of4％parafbrmaldehyde（PFA）．
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His　to　logア
After　fixation　with　PFA，　the　brain　was　cut　into丘ontal　sections（50　pm）and　stained　fbr
acetylcholinesterase　f（〕llowing　the　r［1ethod　of　BoIam（1992）．　This　stain　enabled　us　to
clearly　assess　the　borders　ofthe　mlVIAN　and　HVC（Sadananda　2004）．　We　confrrmed　the
markers　and　electro　de　traces．
Data　analysi5・
Based　on　the　raster　data，　the　BOS　selectivity　was　quantified　using　d’，　which　has　been
used　in　signal　detection　theory，　and　the　values　were　calculated　referring　to　Solis　and
Doupe（1997）．　When♂＞1．0，　we　considered　the　units　as　having　BOS－selective　activity
　　　　　　The　temporal　correlation　was　quant雌ed　using　a　cross－correlation　coef匠cieIlt
（Tomita　and　Eggerrno　nt　2005）．　The　b血s伽was　5　ms，　and　the　lag　tirne　was　adjusted
from　一一500　to　500　ms．　When　a　peak　ofthe　coefiEicient　values　was　found　withn　25　ms　of
the　zero－lag　point　and　the　value　was　more　than　three　standard　deviations丘om　the　mean，
the　peak　was　considered　a　significant　correlation．
115
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Chapter3．’5「ection2
TEIレff〕01L4ヱL　CO1～．iE？．，EiLLA　7ヱ【0／V　O．F　ノ＞EURA、乙，　A　CTIレ7T）i　B」匠77レVEEI＞　1「ノ【VC　／4ノ＞Z）　ノレflレtA1＞
ResuIts
AuditOi　y　selective　response
In　six　birds，　we　recorded　auditory　responses丘om　mMAN　neurons　only．　We　acquired
strong　BOS－selective　responses（d’＞1．00）in　the　left　hemisphere　in　fbur　birds
（1．07－2，32）and士n　the　right　hemisphere　in　aU　six　b辻ds（129－2．94）．　These　results　clearly
showed　that　mMAN　neurons　have　BOS－selective　auditory　responses（Fig．1）．
Temporal　correlati・n　benxvee’i・the・mMAN・and　Hレ℃
We　attempted　to　acquire　simultaneous　recordings　fro　m　the　ipsilateral　m］NCAN　and　HVC
in　I　6　birds．　Both　nuclei　showed　auditory　responses血29　recordings．　Eleven　of　these
recordings　lacked　significant　peaks　based　on　the　cross－correlation　coef臼cient．　Eighteen
recordings　had　a　significant　peak．　In　three　of　the　18　recordin、gs，　because　the　peaks　were
observed　at　the　exact　zero－lag　point，　an　artifact　might　have　caused　the　correlations．　In
six　recordings，　the　peaks　preceded　the　zero－1ag　Point（－10　to－－15】エrs　in　5　recordings；
－20to－25　ms　in　l　recording；Fig．2，　upper　panel）．　These　time　delays　seemed　to
correspond　to　the　results　of　a　previous　antidromic　st血ulation　study，　in　which　such
evoked　potentials　were　referred　as‘‘late　onset　activitゾ（Foster　et　aL　1997）．　Th、ese
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results　showed　that　the　neural　responses　of　the　mMAN　preceded　those　of　the　HVC　in
some　cases．　In血1e　recordings，　the　peaks　followed　the　zero－1ag　point（Fig．3，　upper
panel），　and　the　distribution　of　these　peaks　varied　in　distance　from　the　zero－lag　point（2
to　5　ms　in　2　recordings；正Oto　15ms　in　2　recordhlgs；15　to　20　ms　in　3　recordings；20　to
25ms　in　l　recording）．　In　these　cases，　the　neural　responses　ofthe　r【iMAN　followed　those
ofthe　HVC．
　　　　　　　Tb　examine　the　possibility　that　these　correlation、s　were　caused　by　a　simple
response　to　the　BOS　in　each　nucleus，　and　not　by　the　neural　transmissions　between　the
two　nuclei，　we　shifted　one　trial　for　the　recordings　ofthe　mMAN　only　and　calculated　the
correlation　between　trial　i　of　the　HVC　and　trial　i＋lof　the　mMAN（i．e．，　the　HVC
record血g　in　the　fiエst　trial　and　the］nMA工寸recording　i皿the　second　tria正，…，　the　HVC
recording　in　the　40th　trial　and　the　mMAN　recording　i皿the　first　trial）・This　extinguished
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1
all　of　the　correlations（Figs．2，3；lower　panels）．　Therefore，　we　could　not　con、clude　that
the　correlations　were　caused　by　a　direct　stimulus　effect．
Differen・e　in　thef｝ring’・α’励⑳・8ση4φεr伽zεro－lag　P・int
Imnany　cases，　the　mMAN　neurons　mahltained　a　higher丘ring　rate　fbr　longer　than　100
ms　afセer　the　zero－lag　point（Fig．4），　although　some　of　these　recordings　did　not　have　a
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significant　peak　in　terms　of　the　cross－correlation　coefficient．　Therefbre，　we　tested　the
difference　in　the　frring　rate　between　50　ms　before　an、d　after　the　zero－lag　point　（i．e，，　fヒo　m
－100to－50　ms　and　from　50　to　100　ms）in　the　29　simultaneous　recordings．　In　18
recordings，　the　firing　rate　ofthe　mMAN　neurons　after　HVC　activation　was　significantly
higher　than　that　bef｛〕re（two－tailed　paired　t－test，　p＜0．05）．　Conversely，　oniy　two
recordings　showed　a　significantly　higher　fUing　rate　befbre　the　zero－lag　point．　These
results　mean　that　the　m］M［AN　neurons　maintained　a　high　liiring　rate　fo　r　a　long　time　after
activation　ofthe　HVC．
IDiscussion
We　fbund　BOS－selective　responses　in　the　mMAN　and　temporal　correlations　between
the　neural　activities　of　mMAN　neuror塾s　and　HVC　n、eurons　hl　anesthetセed　Benga豆ese
丘nches．　Moreover，　solne　of　the　neural　activities　of　the　mMAN　preceded　those　of　the
HVC．　These　results　suggest　that　a　niMAN－HVC　pathway　actually　transmits
song－related　neura1加fbrmation．　Since　many　recordings　showed　that　mMAN　neurons
were　activated　fbr　a　period　of重㎞e　afセer　HVC　activation，　the　mMAN　responses　m、ight
originate　hl　the　auditory　responses　ofthe　HVC（Vates　et　al．1997）via　several　pathways．
However，　the　HVC　seemed　tG　be　reactivated　by　some　ofthese　responses　ofthe　mMAN．
118
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Cノ｝apter3’Section　2
TEMPORAL　CORRELATIO　V　OF　NEURAムACTIVITY　BETI41EEAi　HP℃ANI）舷耀1V
Th｛s　means　that　these　pathways　might　fbrm　a　ciosed　ftmctional　Ioop　that　provides
internal　feedback　to　the　HVC．
　　　　　　Some　studies　have　shown　that　the　HVC　is　involved　in　syllable　sequence　control
（Vu　et　a1．1994，　Yu　and　MargoIjash　I　996，0kanoya　2004）。　Ifthe　HVC　were　to　controI
the　syUable　sequence，　it　would　be　very　important　to　refer　to　stored　j血forrnation　on
several　preced童ng　syllables．　Given　that　the　duration　ofeach　synab玉e　is　several　tens　of
n血hseconds，　the　song　controI　system　must　］　naintain　the　information　for　several　tens　or
a　few　hundred　s　ofmilliseconds．　Our　data　showed　that　mMAN　neurons　remained
activated　fbr　l　OO　ms　after　HVC　activation．　Therefore，　the　HVC　m重ght　receive　such
info　rmation　from　intemal　feedback　via　the　mMAN，　if　such　lo　ng　activation　were　to
relate　to　the　information　on　precedhlg　syUable　production　or　perception．
　　　　　　Area　X　lesions　affect　th、e　sy皿able　sequence　in　Bengalese　f…nches（Kobayasi　et　al，
2001）．Considering　only　the　two　main　pathways，　it　is　difficult　to　interpret　this
phenomenon．　lf　signals　from　Area　X　were　to　be　able　to　reach　the　HVC，　it　would　be
reasonable　to　conclude　that　the　song　sequence　was　altered　in　birds　with　Area　X　lesions．
The　present　study　provides血sight　fbr　understan、ding　the　reason　fbr　this．　Our　data
suggest　that　the　mMAN　probably　serves　as　a　relay　nucleus　fbr　the　Area　X－HVC
prOj　ectlon．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’
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　　　　　　However，　the　time　f士om　the　zero－lag　point　ofthe　peaks　with　a　cross－correlation
coeilficient　varied　among　recordings．　These　results　might　originate　in　a　local　circuit　in
the　HVC　and　multiple　inter－nuclei　pathways，　Thus　far，　severaI　possible　pathways　fbr
signal　transmission　fヒom　the　HVC　to　the　mMAN　have　been　reported（i．e．，　HVGArea
X－DMP－mMAN，　HVC－RA－DMP－mMAN，　and　coordination　ofthe　two　hemispheres；
Kubikova　et　al．2007，　Nottebohm　et　al　l　982，　Bo均er　et　aI，1989，　Fortune　et　aL　1995，
Vates　et　al．1997，　Foster　et　al．1997，　Foster　and　Bottjer　1998）．　In　addition，　the　time　by
which　the　peaks　preceded　the　zero－lag　pohlt　was　too　Iong（10－25　ms）fbr　signal
transmission　via　only　one　synaptic　connection丘om　the　mMAN　to　the　HVC．　Foster　et　al．
（1997）suggested　that　such　activity　is　attributable　to　axon　co皿aterals　ofHVGprojecting
neurons　acting　locally　withn　the　miY｛AN．
　　　　　　We　recorded　multi－unit　activities　to　identify　neural　activities　related　to　song・
perception　and　the　temporal　correlation　between　the　HVC　and　mMAN，　and　thus　we　did
not　identify　the　type　ofHVC　neuron（Mooney，2000）．　These　points　can　be　improved　in
fUture　studies．　To　dat　e，　mMAN　neurons　are　known　to　receive　input　s　from　only　the　DMP
in　song　related　circuits；it　would　be　interesting　to　test　whether　DMP　lesions　affect
mMAN　activity．　In　addition，　this　study　showed　that　the　neural　activity　occurred　during
song　perception　and　not　production．　Therefbre，　direct　evidence　that　the　mMAN－HVC
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pathway　is　related　to　song　pro　duction　and　the　role　ofsequence　modification　should　be
血vestigated㎞fUrther　studies．
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Figure　Iegends
Figure　1、　Examples　peri－stimulus　time　histograms　for　B　OS－selective　mMAN　neurons．
When　the　BOS　is　submitted　as　an　auditory　stimulus，　neurons　show　strong　responses
（upper　panel）．　The　reversed　BOS　does　not　cause　such　a　response（lower　panel）．　One
session　consisted　of40　trials．　B血size＝8ms．　Bars　represent　stimulus　periods．
Figure　2．　Example　ofacro　ss－correlogram　between　the　activities　ofthe　mMAN　and　the
HVC　fbr　40　BOS　trials．　In　this　case，　a　peak虻n　the　coe伍cient　appears　befbre　the　zero－lag
point　because　mMAN　neu．rons丘red　befbre　HVC　neurons（upper　panel）．　However，　when
the　recordings　o　f　the　mMAN　are　shifted　for　one　trial，　this　peak　disappears（lower　panel）．
Therefbre，　this　correlation　could　not　be　attributed　simp正y　to　stirnulus　effects．
Figure　3．　Example　ofacro　ss－correlogram　between　the　activities　o　f　the　mMAN　and　the
HVC　fbr　40　BOS　trials．　In　this　case，　a　peak　ofthe　coeMcient　appears　after　the　zero－lag
point　because　HVC　neurons　fued　before　rnMAN　neurons（upper　pa皿el）．　However，　when
the　recordings　o　f　the　mMA［N　are　shifted　for　one　trial，　this　peak　disappears（Iower　panel）．
There」f（〕re，　this　correlation　could　not　be　attributed　s血1ply　to　stimulus　ef狼）cts．
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Figure　4．　Example　of　a　cross－correlogram　between　the　activities　ofthe　n［MAN　and　the
HVC　fbr　40　BOS　trials，　In　many　cases，　the　activities　of　mMAN　neurons　after　the
zero－lag　point　lasted　longer　than　100　ms．　In　18　o　f　29　recordings，　the　activations　after　the
zero－lag　point　were　significantly　greater　than　the　activations　before　the　point（two－tai童ed
paired　t－test，　pく0．05）．
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General　1）iscussion
正nthis　dissertation，　I　f～）und　sex　differences　in　audiovisual加fbrmation　processing　and
that　a　lack　of　correspondence　between　visual　attention　and　sound　source　location
affected　acoustic　discrimination正eaming．　Moreover，　I　discovered　hierarchical　structures
of　the　vocal　pattem、，　and　showed　that　auditory－selective　neural　act量vity　of　the　song
nucleus　HVC　was　not　affected　by　light　flashLes　in　anesthetセed　Benga正ese　finches．　In
addition，　I　presented　a　possible　neuraI　pathway　of　visua1量nput　to　the　song　contro正
system　i皿songbirds．
Sex　differences　in　se皿sory　i曲㎜ation　processing
As　argued　in　the　f辻st　chapter，　sex　differcnces　might　originate　in　the　neural　system，
although　I　did　not　conduct　physiological　experiments　and　do　not　have　data　to　support
that　conclusion．　In　humans，　some　sex　differences　have　been　reported　hl　sensory
inf～〕rmation　processing　and　they　originate　in　physiological　differences（reviewed　i皿
Cahill　2006）．　Interestingly，　a　study　that　hlvestigated　aud宝tory　information　process㎞9
using　the　McGurk　effect（McGurk＆MacDonald　l　976）sbowed　that　women　were　more
affected　by　visual　inf（）rmation　than　men（Irwin　et　a正．2006）．　As　shown沁the　first
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chapter，　in　an　audiovisual　discrimination　task，　female　Bengalese　finches　always
depended　on　the　visual　cue，　but　males　did　not．　Future　studies　wiU　clarify　whether　this
kind　o　f　sex　difference　is　common　across　species．
Effects　of　a　Rack　of　correspondence　between　the　target　of　visual　attention　alld
SOU皿d　source
As　reported　i皿the　second　section　ofthe　first　chapter，　sound　source　location　affected　the
performance　of　a　song　discrimination　task　in　Bengalese　finches．　In　humans，　when
subj　ects　participate　in　an　acoustic　psychoIogical　experiment，　they　receive　instructions
and　use　headphones．　Thus，1　could　not　compare　songbirds　and　humans．　Moreover，　little
is　known　about　this　effect　in　other　species，　although　many　studies　have　examined　the
discrirr血lation　of　sound　locations．
　　　　　However，　this　kind　of　experiment　provides　certain　suggestions　f〈）r
neuroethological　studies．　As　described　in　the　section，　once　the　birds　learned　the
discrimination　task，　they　could　discr㎞inate　the　st㎞ulus　even　when　the　sound　source
was　located　on　the　opposite　side　ofthe　response　key．　However，　the　leaming　speed　ofthe
experimental　group（i．e．，　the　sound　source　was　placed　on　the　opposite　side　of　the
response　key）was　significantly　slower　than　th、at　of　the　control　group（i．e．，　the　sound
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source　was　Iocated　above　the　su切ect）．　Some　su切ects　in　the　experimental　group　could
not　learn　the　song　discrimination　task．　These　results　might　be　related　to　more　rigid
i皿nate　restriction㎞the　audiovisuaI　integration　ofsongbirds．　If　so，　this　khld　of　effect血
other　species　would　be　weaker　than　that　in　songbirds　because　associating　a　visual　target
with　a　sound　is　less　important　fbr　other　species　relative　to　songbirds．
Hierarchical　vocal　pattern　of　Bengalese　finches　and　h皿mans
In　the　second　chapter，　I　exam士ned　the　song　motor　pattem　of　Bengalese　fnches、　Wh、en
the　syllable　sequence　of　recorded　songs　was　analyzed　statistically，　the　songs　consisted
of　regular　syllable　pairs　and　irregular　pairs，　and　the　songs　had　a　hierarchical　structure．
Using　light　flashes，　I　showed　that　the　strength　ofthe　association　between　song　syllables
reflected　the　statistical　structUre．　This　result　has　not　been　reported　j皿studies　of　other
species（Cynx　l　990；ten　Cate＆Ballintijn　1996；Riebel＆Todt　1997；Franz＆Goller
2002）．Thus，　this　result　is　the　basis　fbr　the　argument　that　the　Bengalese　finch　is　a　good
animal　modeI　fbr　studying　human　language．　Human　language　aIso　has　a　hierarchical
structure（i．e．，　phoneme，　word，　and　sentence）．　Theref（）re，　it　might　be　possible　to　test　the
vocal　pattem　of　human　language　with　a　similar　experiment　using　transcranial　magnetic
stirnulation（Barker　et　al．1985）．
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Visual　inp皿t　to　the　song　control　system　of　songbirds
In　the　third　chapter，　I　showed　electrophysiological　results　regarding　the　song　control
system　ofBengalese　finches．　As　shown　in　the　results，　neurons　in　the　song　nucleus　HVC
showed　selective　auditory　responses　to　a　bird’s　own　song（BOS）；however，　the　neurons
did　not　respond　to　visual　inputs　that　rivaled　the　auditory　responses．　Some　neurons　in　the
nucleus　uvafbrmis（Uva）have　visual　response（Colelnan　et　aL　2007）and　Uva　projects
into　the　HVC　Therefbre，　visual　inputs　might　arrive　in　the　son葛control　system　via　the
Uva．　However，　because　the　basal　ganglia（AreaX）is　related　to　singing　motivation（i，e，，
neural　activity　differs　when　sing㎞g　to　females　and　when　singing　alone；Hessler＆
Doupe　l　999），　I　hypothesized　that　the　basal　ganglia　circuit［i．e．，　anterior　fbrebrain
pathway（AFP）in　songbirds］might　also　receive　visuaI　inputs．　Therefbre，　I　attempted
electrophysiological　recording　in　the　nucleus　mJV（AN（medial　magnocellular　nucleus　of
anterior　nidopallium）because　this　nucleus　is　p朗ected　from　AreaX　indirectly
（Kubikova　et　a1．2007）and　projects　to　the　HVC　As　shown　in　the　results，　mMAN
neurons　had　a　BOS－selective　auditory　response，　a血d　spikes　of　the　auditory　responding
neur・ns　temp・rally　r・皿elated　with　spikes・f　s・me　HVC　neur・ns・Thus・mMAN
neurons　project　to　the　HVC　and　transmit　some　singing－related　activities　and　the　AFP
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might　proj　ect　to　the　HVC　via　the　mMAN．　I　speculate　that　some　activity　through　this
pathway　c　arries　visual　in　format　ion．
T血esignifica皿ce　of　this　dissertation　an〔i　comparisons　with　humall　communicatio皿
When　we　see　an　excellent　ventriloquist，　we　feel　as　if　the　doll　were　taiking　although　the
sound　source　is　the　mouth　of　the　ventriloquist．　This“ventriIoquism　effect”is　well
㎞own　to　psychologists（Jack　et　al．1973）；visual　irユformation　affects　the　signal　receiver
so　that　the　receiver　cannot　correctly　locate　the　sound　source．　This　is　an　example　of　how
humans　use　visual　inf〈）rmation　more　predominantIy　than　auditory　information　in　spatiaI
audiovisual　infbrmation　processing．　In　the　first　chapter，　I　showed　not　only　that
Bengalese　fi皿ches　had　sex　differences　but　also　that　they　used　predomi皿antly　visual　cues
in　an　audiovisual　discr血ination　task．　This　is　sinilar　to　audiovisual　perception　in
humans．
　　　Imust　po血t。ut　another　sirnilarity　between　communication　ofBengalese　fUches（or
some　Estrildidae）and　that　ofhumans．　Many　species　use　vocaUzatlon　as　a
communicati。　n　signal　in　sitUations　in　which　the　receiver　cannot　be　seen（e．g．，　over　a
long　distance　or　in　darkness）．　For　example，　chimpanzees　prefer　to　use　gestures　when　the
receiver　is　a（ljacent　and　visible（Polhck＆de　Waal　2007）．　However，　humans
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communicate　with　adjacent　pa而es　by　vo　caliZation．　Sin　rilarly，　many　Estrildidae　s血g
“songs”only　toward　a街acent　targets　because　the　sound　amplitude　is　so　Iow．　They　have
another　type　ofvocal　sigllal　cailed　the‘‘long　distance　can”；this　type　ofvocallzation　is
used　t。　communicate　with　invisible　t　argets．　However，　the　calls　are　substantially
different丘om　songs（e．g．，　a　song　consists　ofmany　sounds，　whereas　a　can　consists　of
only　one　sound）．　Additionally，　songs　are　leamed　vocalizations，　as　are　human　languages．
Few　animal　sp　ecies　have　vo　ca互一leaming　abhHty．　Other　than　birds　and　humans，　some
whales　and　bats　are　vocal　leamers（reviewed　in　Brainard＆Doupe　2002）．　It　is
reasonable　to　conclude　that　whales　evolved　this　abhity　because　they　must　c。㎜u血cate
over　long　distances；their　songs　can　be　detected　several　：niles　away．　Similar互y，　because
bats　fly　in　the　dark　and　visual　information　cannot　be　used，　it　is　reasonable　to　conclude
that　bats　evolved　acoustic　communication　for　this　reason．　However，　Bengalese加ches
and　humans　use　complex　and　leamed　vocaliZations　to　communicate　with　an　adjacent
and　visible　party，　although　both　species　predomi【1antly　use　visual　inf（兀mation・
　　　This　dissertation　provides　not　only　knowledge　enhancing　our　understanding　of
acoustic　co㎜u㎡cation　by　Bengalese血ches，　but　also　suggestions　for　the　evolution　o　f
universal　acoustic　communication．　I　als。　demonstrated　the　tmportance　of　visual
information　in　acoustic　communication．　As　research　progresses，　I　hope　we　will
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understand　how　and　why　systems（e．9．，　hurnan　communities）evo　lve　complex　acoustic
communicati。n　even　when　such　communication　iS　not　always　necessary，
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